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ABSTRACT 


Analytical  and  experimental  studies  have  been  made  to 
establish  a  method  for  the  design  of  propellers  and  duct 
systems  for  annular  jet  ground  effect  machines.  Propeller 
and  inlet  geometry  and  the  effects  of  nozzle  velocity 
distribution  on  annular  jet  performance  were  analyzed. 
Experimental  investigations  included  tests  of  an  axisj^mmetric 
duct  and  a  curved  duct  at  various  ground  board  heights  and 
inclinations.  Overall  and  the  detailed  internal  efficiencies 
were  determined  and  are  compared  v;ith  the  analysis. 
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SIM'IARY 


An  analytical  and  experixueutal  investigation  has  been 
performed  to  establish  design  methods  for  propeller  and  duct 
systeius  operating  in  ground  effect.  Methods  are  formulated 
for  the  calculation  of  propeller-in-duct  performance.  A 
simple  analysis  is  made  of  the  effect  of  exit  nozzle  velocity 
distribution  and  it  is  found  that  a  constant  nozzle  velocity 
results  in  a  maximum  lift  to  power  ratio.  A  qualitative 
analysis  is  made  also  of  the  duct  efficiency.  The  similarity 
parameters  of  ground  effect  machines  are  determined. 

In  the  experimental  program  the  effect  of  various 
geometric  and  operational  parameters  on  the  internal  perform¬ 
ance  of  propeller-duct  systems  in  the  proximity  of  the  ground 
were  studied.  Maximum  overall  internal  efficiencies  of  78 
percent  for  an  axially  symmetric  ducting  system  and  68  percent 
for  a  curved  duct  system  were  obtained. 
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INTRODUCTION 


The  potential  of  Ground  Effect  Ve’uiclcs  for  various 
phases  of  transportation  has  resulted  in  increasing  activity 
in  the  fields  of  research  and  development  of  these  machines. 
Early  expectations  of  large  increases  of  gross  weight  to 
power  ratios  were  somewhat  disappointed,  especially  due  to 
the  poor  internal  efficiencies  of  the  existing  research 
vehicles.  The  present  program  was  undertaken  to  study  the 
parameters  that  affect  the  internal  efficiency  with  a  view 
of  providing  design  methods  for  machines  with  improved  per¬ 
formance  characteristics. 

The  aerodynamics  of  Ground  Effect  Machines  can  be 
divided  into  four  basic  areas: 

1.  Air  Intake 

2.  Air  Propulsion 

3.  Internal  Ducting 

4.  Air  Exhaust  and  Base  Pressure 

The  major  analytical  and  experimental  effort  to  date 
has  been  concentrated  on  the  last  area,  and  specifically  on 
the  determination  of  the  base  pressure.  The  present  program, 
on  the  other  hand,  was  designed  to  further  the  state  of  the 
art  in  the  first  three  of  the  above  areas.  Both  experimental 
and  analytical  work  was  performed  and  the  results  of  this  work 
are  reported  herein. 

Two  basic  configurations  were  investigated: 

1.  A  straight  axially  symmetric  duct 

2.  A  90  degree  curved  duct 

Because  of  its  relative  analytical  simplicity  the 
straight  duct  was  the  first  subject  of  investigation.  Both 
geometric  and  operating  parameters  were  studied  and  methods 
for  predicting  the  performance  of  a  propeller-duct  combination 
in  ground  effect  were  formulated.  Next,  the  effect  of  duct 
curvature  on  the  internal  efficiency  was  determined  and  a 
number  of  interesting  results  were  obtained. 
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Both  duct  configurations  had  large  nozzle  area  to  total 
base  area  ratios.  The  reason  for  this  choice  was  dictated 
by  the  desire  to  simulate  the  duct  system  that  should  be 
used  for  GEMs  designed  to  operate  at  large  values  of  . 

This  report  is  divided  into  four  sections  and  has  one 
appendix. 

Section  1  presents  the  analytical  methods  formulated 
during  this  program. 

Section  2  discusses  the  test  results  of  the  experimental 
part  of  this  program. 

In  Section  3  the  test  data  are  correlated  with  the 
analytical  methods.  The  next  section  deals  with  a  method 
for  the  design  of  propellers  and  duct  systems  for  annular 
jet  GEMs. 

The  test  program  and  a  description  of  the  instrumen¬ 
tation  used  as  well  as  their  accuracy  is  described  in  the 
appendix. 
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1.0  PERFORMANCE  ANALYSES 


1.1  INTRODUCTION 

The  performance  analyses  presently  in  existence  deal 
mainly  with  the  prediction  of  the  vehicle  base  pressure  based 
on  known  flow  characteristics  of  the  jet  efflux.  The  required 
power  of  the  entire  vehicle  is  then  obtained  by  multiplying 
the  jet  efflux  air  power  by  a  loss  factor.  There  is  a  dearth 
of  data  on  the  evaluation  of  this  loss  factor  which  depends  on 
vehicle  design,  as  well  as  operating  parameters.  The  purpose 
of  the  present  program  was  to  increase  the  knowledge  on  the 
parameters  affecting  this  loss  factor  by  suitable  tests  and  to 
formulate  methods  for  the  determination  of  the  internal  flow 
characteristics  of  annular  jet  GEMs.  The  resultant  methods 
are  shown  to  be  capable  of  providing  information  on  the  pro¬ 
peller,  inlet  and  ducting  geometry  requirements. 

This  section  presents  the  results  of  the  analytical 
endeavor  of  this  program.  The  following  items  are  presented: 

1.2  Dimensional  Analysis 

1.3  Determination  of  Propeller  Thrust 

1.4  Determination  of  Propeller  Power 

1.5  Duct  Efficiency 

1.6  Effect  of  Inlet  Ring 

1.7  Determination  of  Base  Pressure 

1.8  Effect  of  Nozzle  Velocity  Distribution 


1.2  DIMENSIONAL  ANALYSIS 

The  formulation  of  generalized  analytical  methods  of 
predicting  the  performance  characteristics  of  annular  jet 
ground  effect  vehicles  requires  that  the  significant  non- 
dimensional  parameters  be  isolated.  The  determination  of 
these  parameters  is  achieved  by  a  standard  dimensional  analysis. 

The  physical  parameters  affecting  performance  are: 

Duct  Inlet 


a.  Inlet  ring  radius,  i^s  >  or  projected  planform 
area  of  the  inlet  ring, 
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b.  Thrust,  Ts 

Propeller 

a .  Area ,  Ap 

b.  Thrust,  Tp 

c.  Rotational  Speed, H 

d.  Blade  Pitch,  dp 

e.  Solidity,  (y 

Duct 

a.  Length, 

b.  Total  Pressure, 

c.  Static  Pressure,  Pj 

d.  Curvature,  Qo 

Base 

a.  Area,  Ab 

b.  Pressure,  Pb 

Air  Curtain 

a.  Curtain  Area, 'TTOh 

The  effects  of  the  parameters,  6p  , -A  ,  and  (T  on  the 
propeller  performance  will  be  substantially  the  same  as  on 
unducted  propellers.  These  parameters  also  effect  the  nozzle 
velocity  distribution  which  is  the  subject  of  an  analysis  in 
Section  1.8.  The  effects  of  the  duct  parameters,  ,  and  do 

Qd  are  examined  in  Section  1.5.  The  exponents  of  the 
dimensions  of  all  other  parameters  in  terms  of  length,  L  , 
time,  T  ,  and  force,  F  ,  are: 


Pb 

Ai 

Ap 

Tp 

Aj 

Pti 

Ab 

iTDh 

Ts 

L 

-2 

2 

2 

0 

2 

-2 

-2 

2 

2 

0 

T 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

F 

1 

1 

0 

0 

1 

0 

1 

1 

0 

0 
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The  base  pressure,  Pu  ,  is  given  by 


Of, 


(1.2-1) 


Equating  the  exponents  of  the  dimensions  of  the  factors 
in  equation  (1.2-1),  and  solving  the  resulting  equations,  there 
results  that 


(1.2-2) 


of  ^  ,  Ts  ,  etc. 

Ap  Tp 

The  non-dimensional  similarity  parameters  that  affect 
the  base  pressure  are  those  given  in  the  bracket  of  equation 
(1.2-2)  as  vvell  as  any  combination  of  these  parameters. 

It  should  be  noted  that  the  parameter ,  ,  is 

particularly  important  in  GEM  internal  performance  analysis. 

This  parameter  is  the  ratio  of  the  vertical  projected  area 
over  which  the  annular  jet  must  provide  a  seal  and  the  area  of 
the  annular  jet  nozzles.  As  will  be  shown  in  Section  2,  this 
parameter  provides  for  correlation  of  internal  flow  pressures, 
thrust  and  power  data  for  significantly  different  configurations. 
For  configurations  which  have  values  which  are  small  as 

compared  with  >  this  parameter  is  equal  to 

1.3  DETERMINATION  OF  PROPELLER  THRUST 

Experience  with  rotary  wing  performance  analysis  has 
shown  that  the  rather  simple  combined  blade  element -momentum 
method  for  determining  the  rotor  thrust  results  in  reasonably 
accurate  predictions  of  the  actual  thrust.  As  will  be  shown 
in  Section  3,  a  similar  method  is  also  applicable  for  the 
propeller-in-duct  configuration  when  operating  in  or  out  of 
ground  effect.  This  method,  which  is  presented  here, 

requires,  however,  some  empirical  inputs.  Two  analyses  are 
presented,  the  first  of  which  assumes  the  velocity  at  the 


where 


^[] 


denotes  a  function 
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propeller  is  uniform  and  the  second  in  which  it  is  assumed  that 
the  velocity  varies  with  radius. 

Referring  to  Figure  1  and  using  the  momentum  relation¬ 
ship, 


Solving  equation  (1.3-1)  for 


(1.3-2) 


First  consider  the  case  where  the  velocity  is  considered 
constant  across  the  propeller  area,  equation  (1.3-2)  reduces  to 


(1.3-3) 


The  propeller  thrust  coefficient  is  defined  as 


Introducing  equation  (1.3-4) 


into  equation(1.3-3)  , 

(1.3-5) 


From  blade  element  considerations. 


(1.3-6) 
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Integrating  equation  (L.3-6)  and  solving  for  > 
there  results 


Cr  -  - 


where 


^  t 


=  + Js  -  ( 

^  J 

epC 


■7^2 


B  = 


(1.3-7) 


(1.3-8) 


The  propeller  thrust  coefficient,  C.p  ,  can  now  he 
determined  if  the  quantities  and  are  known.  As 

will  be  pointed  out  in  Section  2,  in  the  proximity  of  the 
ground  the  ground  effect  is  more  important  for  the  determin¬ 
ation  of  than  is  the  inlet  ring  geometry.  It  follows, 

that  in  ground  effect  it  may  he  ar&umed  that  the  inlet  ring 
area  and  shape  is  such  that  the  inlet  ring  thrust  can  also  he 
predicted  hy  use  of  a  momentum  relation.  Out  of  ground  effect, 

this  assumption  is  not  valid  and  the  dependency  of 

the  inlet  geometry  must  he  determined  in  another  manner. 

Thus,  in  ground  effect. 


A: 


(1.3-9) 
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Since 


ft  ^  h 


Tp"/^p(^f0-Pi.) 


it  follows  that 


1 


(1.3-10) 


(1.3-11) 


Introducing  Equation  (1.3-11)  into  the  term  A  from 
Equation  (1.3-8), 


gcr 

4 


(1.3-12) 


The  determination  of  VYp  is  discussed  in  Section  1.5 
and  a  comparison  between  the  theory  and  experimental  data  is 
presented  in  Section  3. 

Out  of  ground  effect  the  thrust  coefficient  is  given  by 
Equation  (1.3-7)  with 


(1.3-13) 


where  the  value  of 

1.6. 


is  obtained  as 


discussed 


in  Section 


For  the  case  in  which  the  radial  velocity  distribution 
across  the  propeller  blade,  as  well  as  propeller  twist  and 
taper,  are  to  be  accounted  for,  the  analysis  proceeds  as 
described  in  the  following. 
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From  annular  momentuiri  considerations 


dr  +dTp=  filxd 


Assuming  that 

ilL 

d  X 


2. 

P  . 

(1.3-14) 

and  solving  Equation  (13.-14)  for  Vp 


dTs 


Tp 


V  -  )  /,+is  r 

p  1  ifrRx  V  Tp  4Jf 

'  ^  d  X 


(1.3-15) 


Similarly  to  the  development  of  Equatioru,  (1.3-3)  through 
(1.3-11)  but  with  the  additional  assumptioi!  that  /\  ■  is  equal 

to  Ap 


^TTR^X  Pd  I  —  /  Ts  \ 
dTp  Upj 


d  X 

It  follows  that 


(1.3-16) 


=  _ 

[[  X  /[Tfl{dKj 

From  blade  -  element  analysis 


dd- 


T  _ 


cLcr 


dx 


x" 


(13.-17) 


(1.3-18) 
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Substituting  Equation  (1.3-17)  into  Equation  (1.3-18)  and 


solving  for 


d  X 


dc^ 

=  (VT 

Ts 

1  -1- 

dX 

T? 

f - 

S> 

"=> 

Ad 

S  X 

AfT  TsU 


(1.3-19) 


With 


(T*  CTo  -h  (T,  X 
e  =  ^0  +  X 


d  Ct 
d  X 


-  J±  ill  x^AcToG",  -t-  j-t-xVzo^V 

Tp  1-X«‘  I  ^  CL  / 

+  X fc xd- tx 4(r.cr:+£^)+xYjf+  /(i^ 


n 


(1.3-20) 


The  integration  of  Equation  (1.3-20)  gives  the  tiirust  coefficient 
with  linear  twist  and  taper. 


For  sero  t\;ist  aiid  taper,  the  thrust  coefficienc  is  given  by. 
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Out  of  Ground  Effect,  Equation  (1.3-15)  becoiaet 


=  IdlL  ifi 

jT-R  M-*  cI< 


ft).)]' 


(1.3-22) 


and  C.p  of  Equation  (1.3-19)  id  calculated  replacing 

T<  I  (^)< 


■5 

T? 


fOO 


1.4. 


DETERMINATION  OF  PROPELLER  POWER 
The  propeller  povjer  is  fc,iven  by 


P  =  Cf  Ji-VTrR^(i-X‘) 


(1.4-1) 


where 


^}± 

4b,;Uuiing  Vp  to  be  ^  ouc-tant  ui.d  al^u  zero  twidt  and  taper,  the 
power  coeliicietiL  ujcouiej, 

Cp=-2^  r'-''«7AYh‘-il+  '■’‘“VAf/eA- 
'  2(1-*.’-)  I_"  UdU  'r—tall  ]  ^  >  oJj 

+  LlAfAt  LSf  Ws*)1 

^  \  £3).  (k  /  J 


(1.4-3) 


\.i.ere 


Vp 

SLR  \j 


At  Ai\ 

"^p 

aJ 
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For  varyin;^  Vp  ,  the  power  coefficient  is  obtained  similar¬ 
ly  to  the  corresponding  derivation  for  C-^  in  Section  1.3.,  and 
becomes 


ar 


l-K^i 


v^here  V 


' is  given  by  Equation  (1.3-22),  and  yv\-» 


(1.4-4) 

ee 


To  calculate  the  power  coefficient,  Cp  ,  for  out  of  drourid 
Effect  cor. Jitior,. ,  ^  (1.4-3)  and  (1.4-4)  is 

replaced  by  I  +(VTp)oo 


1.5.  DUCT  EeTTJIEdOY 

The  w.ic;-  ^f  Ciei-w':  -  ^  t:h'.;  noztle  e::it  air 

pov?er  dividot  I  t:-.';  dr  pc.  e_  :.rc.  i.c„ .  b;-  i  100  ];‘orcent  efficient 
propeller . 

R;  AjV-' 

T,Vp  (l..'-l) 

Usiu^  ucu.-  f.,  ■i.O  coiitii.ui^^  ,  AjVj  ■=  ApVp 

Eipeation  (l.;.-l)  Cc.n  also  be  ..''ritLer. 


t 


Jt 

Ap 


(1.5-2) 
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Defining;,  ..i  factor,  "ft 2.  >  that 


Eq' 7a tier,  (l.'3-i.) 

I  + 


The  flo\j  beivind  tlie  propeller  is,  [generally,  rotational 
ant  turbulent.  '''o  adequate  theoretical  method  exists,  at 
present,  to  pre-^  ict  the  duct  efficiency,  >  or  the  duct 

loss  factor,  Mj.  .  It  becomes  necessary,^  therefore  to  resort 
to  erapirical  data,  as  presented  in  deferences  1,  2,  and  3,  etc. 

The  duct  efficiencies  and  loss  factors  experienced  in  the 
tests  under  the  present  program  are  presented  in  Section  2. 

1.0.  EFFECT  OF  INLET  RING 

3y  appropriate  design  of  the  inlet  ring  the  thrust  of 
a  propeller-duct  combination  exceeds  the  thrust  of  the  propeller 
alone.  In  the  evaluation  of  the  effect  of  the  inlet  ring  on  the 
performance  o.:  a  ducte  i  propeller,  tv;o  cases  must  be  distinguished: 

a. )  Operation  In  Ground  Effect 

b. )  Operatio';  Out  of  Ground  Effect 

For  annular  jet  GEMs  only  Case  a.)  is  of  interest,  but 
because  of  the  requirement  for  performance  analyses  of  ducted 
tans  out  of  ground  effect.  Case  b.)  uill  also  be  discussed. 

l.b.l  Operation  In  Ground  Effect 

Test  data  indicate  that  in  Ground  Effect  Lite  geometry 
of  the  inlet  ring  is  of  secondary  importance  for  the  evaluation 
of  the  thruoL  of  a  ducted  propeller,  as  compared  v;itii  the  effect 

of  the  back  pressure,  Pq  .  T’uis  implies  that  the  momentum 


0 


i.so 


T. 


(1.5-3) 


(1.5-4) 
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relation,  Equation  (1.3-11)  is  applicable,  or 


(1.6. 1-1) 


Equation  (l.G.1-1)  can  also  be  expressed  in  terms  of 
jet  parameters,  and  the  duct  loss  factor, 


T.  1 

z 

1 

Tf  l  +  J?i| 

2. 

1 

1.6.2  Operation  Gi.it  of  Ground  Effect 


(1.6. 1-2) 


Out  of  Grourit*  Effect  the  design  of  the  inlet  ring 
strongly  affects  the  ratio  of  shroud  thrust  to  propeller 

thrust,  .  A  sharper  inlet  lip  results  in  lower  value  of 

.  If  the  shroud  cross  section  is  an  airfoil,  camber  as 


well  affects  the  inlet  performance.  It  was  not  the  purpose  of 
this  program  to  identify  the  most  general  inlet  geometry 
parameter  which  vjill  result  in  a  universal  relationship  with 


It  has  been  found,  however,  that  for  inlet  shapes  of 


interest  to  GEM  design,  the  ratio  of  the  projected  inlet  ring 

and  hub  area  to  the  propeller  area  results  in  Ts/  data  that  do 

not  vary  for  the  two  greatly  different  configurations  tested  in 
this  program. 

1.6.3.  Analytical  Determinatien  Of  Out  of  Ground  Effect 


Consider  the  inlet  geometry  shown  in  Figure  2.  An 
incremental  shroud  planfoi'm  area,  dAs  >  given  by 


sind^  de^d  ^ 

N 


(1.6. 3-1) 
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Neglecting  the  effect  of  the  propeller  hub  the  shroud 
thrust,  T5  ,  is  obtained  as 


T. 


(1.6. 3-2) 


Where  is  the  gage  pressure  along  the  shroud  inlet,  it  is 
assumed  that  varies  linearly  as  follows 


=  -^5  Pc 


(1.6. 3-3) 


From  a  momentum  relationship 


P  =  -  li- 

Ap 


(1.6. 3-4) 


Substituting  Equations  (1,6. 3-1),  (1.6. 3-3)  and  (1.6. 3-4)  into 
Equation  (1. 6.3-2)  and  integrating 


Jl=  Ms 

Tp 


jirR^VR('+l'VR) 

1 

Ap 

(1.6. 3-5) 


Since 

also  be  written 


As 

3S 


Equation  (1.6. 3-5)  can 


A, 


(1.6. 3-6) 


For  fully  expanded  flow  out  of  ground  effect  =  O  . 

The  validity  of  the  assumption  made  in  Equation  (1. 6.3-3)  and 
the  value  of  Jks  will  be  discussed  in  Section  3, 
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1.7  DETERMINATION  OF  BASE  PRESSURE 

The  major  analytical  effort  to  data  has  been  concen¬ 
trated  on  the  determination  of  the  base  pressure  as  a  function 
of  the  jet  total  pressure.  A  review  of  the  available  theories 
and  a  comparison  with  experimental  data  is  discussed  in 
Reference  4.  The  correlation  of  test  data  with  theory  is 
also  discussed  in  Section  3  of  this  report.  In  general,  present 
theories  predict  a  base  pressure  that  is  significantly  higher 
than  that  obtained  from  tests. 


1.8  EFFECT  OF  NOZZLE  VELOCITY  DISTRIBUTION 


The  previous  sections  discussed  the  performance  analysis 
of  the  propeller-duct  combination  from  the  air  intake  to  the 
air  exit  nozzle.  Depending  on  the  propeller  blade  geometry  the 
exit  flow  velocity  distribution  can  have  various  shapes.  It 
appeared  from  previous  work  presented  in  Reference  5  that  the 
velocity  distribution  which  would  result  in  a  maximum  base 
pressure  recovery  corresponds  to  a  vortex  type  turning  of  the 
air  flow  from  the  jet.  The  basic  performance  problem,  however, 
is  not  only  determined  by  base  pressure  recovery,  but  by  the 
total  lift  developed  by  both  the  base  and  the  nozzles  at  constant 
power.  To  obtain  a  qualitative  underrtanding  of  the  effect  of 
velocity  distribution  on  the  lift  to  power  ratio,  L^p  ,  the 
following  analysis  was  performed.  ^ 


Considering  the  geometry  of  an  annular  jet  nozzle  as 
shown  in  Figure  3,  and  assuming  that  the  value  of 

is  sufficiently  small  so  that  Rj  can  be  taken  as  constant  across 
the  nozzle, 

p.vIJVjx 

(1.8-1) 

The  jet  pressure  for  any  value  of  X=  I  —  ^  is 


P  =  /?  - 

j  r  p. 


v;dx 


j  / 


(1.8-2) 
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The  nozzle  velocity  distribution  is  assumed  to  vary 
linearly  across  the  nozzle.  With  the  notation  of  Figure  4 


(1.8-3) 


Substituting  Equation  (1.3-3)  into  Equations  (1.8-1)  and 
(1.0-2),  respectively,  and  integrating, 


where  E,  =  I -('i - 


(1.8-4) 


(1.8-5) 


For  the  case  of  constant  velocity  across  the  nozzle, 
V  =V^  and 


V,x.o-d; 


The  airpower  for  a  circular  annular  jet  is  given  by 


P=^1TR>  |(l^•  +  i^V,“•jV,xJx 


o 


(l.a-7) 


Substituting  Equations  (1.8-3)  and  (1.3-5)  into 
Equation  (1.0-7)  and  integrating 


P= 


*■  T  ■  -  -  + -  t 

3  4^ 


DfEf 

& 


(1.8-8) 
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where 

=  %.  (i  -f  a+  ixy^^  1/2. 

Dj.=  Vrj  C"'  )■*■ 

£>3=  (-2a.)+%.a‘- 

D,=  ay^ 

d3=  %i 

E3='-(''-Wr)‘' 

E^=  l-('i-‘Vk)‘ 

£,«  I-  (1  -  <•«/« )‘ 


For  constant  velocity  distribution,  <?  =  0  and 

+  (1.8-9) 

For  constant  power,  it  follows  by  equating  Equations 
(1.8-7)  and  (1.8-8) 


The  vehicle  lift  is  given  by 


(1.8-10) 


L-  Lj  .  L,  = 


(1.3-11) 


The  ratio  of  the  lift  of  the  vehicle  for  varying 
velocity  across  the  nozzle,  L»  with  the  vehicle  lift  at 
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constant  velocity, 


,  is  given  by 


]=^  = 
U. 


^'^*4.  ®3t!Lt+  +-i.  -S.  f \ 

■pV^+aE,+^' 

1 

vyhere 


B,  ='^R,(l4-atnVj)+  I 

63  =  -  R/ri  0- +  A*- 


(1.3-12) 


The  variation  of  for  constant  povyer  vs. 

normalised,  non-dimensional  slope  of  the  velocity  across  the 
nozsXe,  shovrn  in  Figure  5.  It  is  seen 

that  the  ma::ii'auiii  lift,  for  a  given  nozzle  air  power  is  obtained 
for  a  constant  velocity  distribution  across  the  nozzle. 
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2.0  TEST  RESULTS 


In  this  section  the  results  of  the  test  program  are 
presented  and  discussed.  Data  from  the  literature  is  also 
presented  where  applicable.  The  details  of  the  test  program 
are  listed  in  the  Appendix.  The  tabular  test  data  may  be 
obtained  from  Kellett  Aircraft  Corporation  upon  written 
request.  The  configurations  tested  may  be  summarized  as 
follows : 

1.  Duct  Configuration 

a.  Straight  Duct,  (axisymnetric,  straight  walled) 

b.  Curved  Duct  (90  degree  angle  between  propeller 

plane  and  nozzle  plane) 

2.  Inlet  Rings 

a.  Large  Quarter  Elliptic 

b.  4.5  inch  Semi-Circular  Cross-Section 

c.  1.3  inch  Semi-Circular  Cross-Section 

This  data  will  be  compared  with  the  theory  in  the  next 
section . 

2.1  OVERALL  PERFORMANCE 

2.1.1  Performance  as  a  Function  of  Height -Diameter  Ratio 

2, 1.1.1  Straight  Duct 

The  overall  performance  of  the  straight  duct 
for  the  tests  performed  with  this  configuration  are  shown  in 
Figure  6,  in  terms  of  the  lift  to  power  ratio  against  altitude 

to  diameter  ratio,  /p  .  These  tests  were  performed  at 

constant  propeller  disc  loading,  .  The  numbers  shown  next 

to  each  test  points  denote  the  ratio  of  the  total  ground  board 

reaction  to  the  total  base  area  of  the  duct,  Vs  .  It  is  noted 

that  maximum  power  loading,  ,  is  obtained  at  an  Vd  of  about 
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0.1.  At  values  of  lower  than  0.1,  the  propeller  stalls  and 

any  potential  gain  in  that  becomes  available  with  decreasing 

is  more  than  compensated  for  by  the  loss  in  propeller 

efficiency  due  to  blade  stall.  At  very  low  height  (  =  0.03) 

smoke  studies  have  shov/n  that  there  is  almost  zero  net  flow 
through  the  duct;  however,  a  pressure  is  maintained  in  the  duct 
by  a  recirculating  flow  through  the  propeller.  This  recirculating 
flow  enters  the  propeller  through  the  inboard  portion  of  the 
blade  and  escapes  from  the  duct  through  the  area  swept  by  the 
stalled  propeller  blade  tips.  It  should  be  noted  that  the 
performance  at  zero  height  is  not  a  trivial  condition  since  the 
static  height  of  the  nozzles  can  be  zero  for  any  GEM  depending 
on  the  landing  gear  and  the  terrain.  However,  propeller  blade 
stall  can  usually  be  eliminated  for  these  conditions  by  reducing 
the  blade  incidence  and  increasing  rpm. 


Examining  the  variations  of  ^5  at  constant 
%  and  it  is  seen  that  comparative  performance  must  be 

evaluated  at  constant  ♦  The  available  test  data  were  cross 


plotted  and  the  results  are  shown  in  Figure  7  for  area  loadings, 
Vs  ,  of  10  and  15  ps£.  Calculated  performance  for  the  nozzle 


inclination  and  nozzle  thickness  of  the  test  configuration  and 
the  performance  of  an  annular  jet  with  optimum  nozzle  angle  and 
nozzle  thickness  are  also  shown.  The  calculated  performance 
curves  are  based  on  the  Strand  theory  as  corrected  to  agree 
with  test  data  in  Reference  6,  An  internal  efficiency  of  60 
percent  was  assumed  for  these  calculations.  It  may  be  seen  in 
Figure  7  that  the  tested  performance  is  slightly  better  than 
that  equivalent  to  a  60%  efficiency  at  values  less  than 

about  0.3.  At  of  0.15  the  apparent  internal  efficiency  is 

about  67  percent  for  both  of  the  area  loadings  shown.  The 
cested  performance  is  also  better  than  the  calculated  optimum 

performance  for  the  of  10  psf  at  from  0.22  to  0.44  for 

this  assumed  internal  efficiency. 
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2. 1.1.2  Curved  Duct 

The  overall  performance  of  the  curved  duct  is 
shown  in  Figure  8.  This  duct  is  described  in  detail  in  Appendix 
I;  however,  it  should  be  noted  at  this  point  that  this  unit  has 
a  nozzle  area  to  total  base  area  ratio  of  0.33  as  compared  with 
0.80  for  the  straight  duct. 

It  is  seen  from  Figure  8  that  at  the  same 

propeller  disc  loading,  Ya.  ,  the  curved  duct  produces  more 

pounds  per  horsepower  than  the  straight  duct  at  all  values  of 

Vd  below  about  0.15.  However,  the  curved  duct  also  produces 

less  *"/;£  than  the  straigjit  duct  except  at  values  of  Vd  less 

than  about  0.04.  As  pointed  out  previously,  a  suitable  comparison 
should  be  made  only  at  constant  . 


It  may  be  observed  from  Figure  8  that  the 
performance  data  does  not  evidence  propeller  stall  effects  with 

decreasing  of  equal  magnitude  as  v;as  found  for  the  straight 

duct  tests.  This  is  due  to  the  effect  of  the  smaller  nozzle  to 
base  area  of  the  curved  duct  which  reduces  the  propel] er  blade 

angle  of  attack  for  a  given  .  As  will  be  shown  later  in 

this  section,  propeller  blade  angles  of  attack  are  a  function  of 

the  blade  pitch  setting  and  the  parameter  .  .  Therefore, 

the  curved  duct  does  not  experience  propeller  blade  stall  until 

a  lower  Vd  than  the  straight  duct  and  at  lower  the  increase 

in  performance  due  to  ground  effect  masks  the  effect  of  blade  stall 
on  performance. 

It  may  also  be  noted  from  this  figure  that  with 
the  curved  duct  the  large  quarter-elliptic  inlet  ring  gives 
slightly  better  performance  than  tiie  4.5  inch  inlet  ring  at  all 
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heights  tested.  Also  the  curved  duct  with  the  plenura  gives 
slightly  poorer  performance  than  the  curved  duct  alone. 

As  an  independent  check  of  the  test  data 
the  data  from  Reference  7  is  also  plotted  on  this  figure. 

The  data  from  this  reference  is  from  an  axisymmetric  duct 
which  has  a  propeller  to  jet  area  ratio  of  0.618  anci  a  nozzle 
to  total  base  area  ratio  of  0.103.  This  duct  also  includes 
radial  stability  augmenting  slots  in  the  base.  This  referenced 
data  includes  the  losses  in  one  transmission  between  the  torque 
meter  and  the  propeller.  The  data  shovm  from  this  reference 
in  Figure  8  were  obtained  at  a  constant  lift  at  a  similar  total 

base  area  loading,  %  .  of  10  psf  as  for  the  curved  duct  tests 

and  show  a  very  similar  performance  to  that  of  the  curved  duct 
of  the  present  program. 

2.1.2  Effect  of  Detail  Geometry  Modifications  on  Performance 

As  noted  in  the  previous  section  the  variation  of 

the  two  dependent  variables  Vs  and  %  with  Vd  or  configuration 

precludes  the  comparison  of  performance  data  in  this  form.  This 
difficulty  does  not  occur  if  the  performance  data  are  presented 
in  the  form  of  the  power  factor,  2  •  This  parameter  is  used  in 
Figures  9  and  10  to  show  the  effect  the  following  design 
modifications : 


2, 1.2.1  Inlet  Geometry 

The  three  inlet  rings  described  in  the 
Appendix  were  tested  on  the  straight  and  the  curved  ducts. 

The  effect  of  those  rings  on  performance  is  shown  in  Figures 
9  and  10  for  the  straight  and  curved  ducts,  respectively.  It 
may  be  noted  from  these  figures  that  the  quarter  elliptic  inlet 
ring  gives  about  5  percent  better  performance  in  the  straight 
duct  than  the  4.5  inch  semicircular  inlet  ring.  The  curved 
duct  performance  is  almost  identical  with  either  of  these  inlet 
rings . 


The  effect  of  the  long  inlet  oci  the  performance 
of  the  straight  duct  is  also  shot>m  in  Figure  9.  As  shown  by  this 
data,  the  performance  with  the  long  inlet  is  about  ten  percent  less 
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than  the  short  inlet  at  large  and  small  •  At  an  Vd 

0.2  the  performance  with  either  inlet  length  is  essentially 
the  same. 


2. 1.2. 2  Internal  Modifications  to  Curved  Duct 

From  tuft  studies  it  was  found  that  the  flow 
in  the  curved  duct  was  separated  in  the  region  of  smallest 

curvature  of  the  outer  wall  ~  0°  ^  B  ^  30^')  .  To  improve 

this  flow  the  following  modifications  were  tried: 

1. )  Guide  Vane 

2. )  Axial  Streamlined  Body 

It  was  found  that  both  of  these  modifications  reduced  performance 
as  shovm  in  Figure  10.  At  low  height  the  effect  of  the  body  is 

small;  however,  at  ^  of  0.20  the  body  reduces  performance  about 

18  percent.  The  guide  vane  also  caused  about  an  18  percent 
reduction  in  performance.  The  above  reduction  in  performance 
were  evidenced  despite  the  fact  that  the  tufts  in  the  duct 
seemed  to  indicate  that  the  flow  was  improved  for  each  of  these 
modifications.  This  apparent  paradox  is  probably  caused  by  the 
drag  losses  of  these  objects  being  larger  than  the  energy  losses 
due  to  flow  separation. 

2.1.3  Performance  with  Pitch  or  Roll  Inclination  of  the 
Annular  Jet 


2. 1.3.1  Straight  Duct 


The  effect  of  ground  board  inclination  on 
the  performance  and  flow  of  the  short  duct  and  the  short  duct 


with  the  nozzle  and  base  extension  at  an 


of  0.14  is  shown 


in  Figure  11.  The  total  base  area  loading  decreases  slightly 
with  increased  ground  board  inclination  and  the  power  loading 
remains  essentially  constant.  The  maximum  change  in  the 
power  factor  represented  by  these  changes  in  performance  is 
about  10  percent  of  the  value  of  Z  without  inclination. 
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2. 1,3. 2  Curved  Duct 


The  curved  duct  performance  when  inclined  is 
as  shown  in  Figure  12,  It  may  be  noted  that  the  changes  in 
performance  are  somewhat  larger  than  were  noted  with  the 
straight  duct;  however,  performance  is  significantly  improved 


for  nose  down  and  left  side  up  inclinations. 


At  an  of 


0.182  the  maximmi  performance  was  achieved  at  minus  seven 
degrees  pitch  and  plus  seven  degrees  roll,  and  it  was  not 
until  these  inclinations  were  about  twelve  degrees  that  the 
performance  decreased  to  the  value  without  inclination. 

The  performance  decreased  at  about  the  same  magnitude  as  the 
straight  duct  for  nose  up  and  left  side  down  inclinations; 
that  is,  about  a  10  percent  increase  in  Z.  ,  for  a  12  degree 
inclination. 


2. 1.3.3  Control  Plug  in  Curved  Duct 

To  provide  some  insight  into  the  performance 
penalties  which  are  required  for  control  an  exploratory  study 
was  made  into  the  effects  of  two  sizes  of  a  plug  inserted  into 
the  nozzles  of  the  curved  duct.  These  plugs  were  tested  at 
various  azimuthal  positions.  The  effect  of  these  plugs  on 
performance  is  as  shown  in  Figure  13.  The  effect  of  the  plugs 
on  the  center  of  pressure  of  the  annular  jet  is  as  shown  in 
Figure  14.  From  these  two  figures  it  may  be  concluded  that 
a  center  of  pressure  shift  of  20  percent  of  the  base  radius 
can  be  achieved  in  any  direction  with  about  a  20  percent 
increase  in  power, 

2.1.4  Overall  Internal  Efficiency 


The  internal  efficiency  of  the  test  units  was 
measured  at  various  ground  board  heights.  This  efficiency 
was  determined  by  measuring  the  velocity  and  total  pressures 
in  the  flow  at  various  radial  and  azimuthal  positions.  From 
these  measurements  the  air  horsepower  was  calculated.  The 
internal  efficiency,  in  percent,  is  then  100  times  the  ratio 
of  the  air  horsepower  to  the  input  shaft  horsepower. 

The  tests  indicated  that  the  maximum  internal 
efficiency  with  the  straight  duct  test  unit  was  about  78 
percent  and  with  the  curved  duct  the  maximum  internal  efficiency 
was  about  68  percent.  The  variation  of  these  efficiences 
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with  is  show!)  in  Figure  15.  The  reduction  in  performance 

due  to  the  duct  turning  angle  was  caused  in  part  by  losses  due 
to  a  flow  separation  in  the  duct  and  in  part  by  the  losses  due 
to  the  asymmetry  of  the  flow  through  the  propeller. 

2.2  PROPELLER  DATA 

The  propeller  tested  in  the  curved  and  straight  ducts  had 
zero  twist  rectangular  blades.  All  testing  was  performed  at 
the  same  pitch  setting.  The  unit  tested  permitted  the  measure¬ 
ment  of  the  thrust  produced  by  the  propeller  alone.  The 
geometry  and  instrumentation  of  this  unit  is  described  in 
detail  in  Appendix  I. 

2.2.1  Thrust 


The  propeller  thrust  coefficient  data  obtained  for 
the  straight  and  curved  duct  are  shown  in  Figure  16.  It  may  be 
seen  in  the  figure  that  the  propeller  thrust  coefficient  for 
the  straight  and  curved  ducts  are  coincident  when  plotted 
against  the  GEM  clearance  area  '•o  nozzle  area  ratio,  TTDhy/^, 

The  curved  duct  and  the  short  straight  duct  plenum  with  the  large 
base  modification  show  a  somewhat  higher  thrust  coefficient. 

2.2.2  Power 


The  propeller  power  required  may  be  shown  in 
non dimensional  form  as  a  power  coefficient.  The  data  obtained 
for  the  various  straight  and  curved  duct  configurations  are 

shov/n  in  Figure  17  plotted  against  .  While  there  is 

some  scatter  in  this  data  it  appears  that  for  a  given 

the  configuration  with  the  plenum  requires  a  slightly  larger 
torque  coefficient  than  the  straight  duct.  The  curved  duct 
requires  a  slightly  smaller  power  coefficient  than  the  straight 
duct.  Out  of  ground  effect  power  coefficient  data  is  also  shown 
in  this  figure  for  the  straight  duct  and  the  curved  duct  with 
the  plenum. 
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2.2.3  Flow  Conditions  at  the  Propeller 

The  flow  conditions  which  produced  the  above 
mentioned  performance  have  been  measured  in  detail.  In 
general,  these  conditions  result  from  an  interaction  of 
the  propeller  and  the  duct;  however,  the  general  flow  field 
and  the  inlet  flow  will  be  described  in  Section  2.3.  The 
flow  conditions  which  directly  affect  propeller  performance 
are  the  following: 

a.  Magnitude  and  distribution  of  the  velocity. 

b.  Swirl  angle  in  the  flow. 

To  determine  the  velocity  at  the  propeller, flow 
surveys  were  made  at  various  distances  before  and  after  the 
propeller.  The  data  obtained  for  an  out-of -ground-effect 
condition  is  shown  in  Figure  18,  with  the  velocity  non¬ 
dimen  sionalizeJ  by  the  theoretical  value  of  the  velocity 
for  uniform  inflow.  The  out-of-ground-effect  conditions 
are  shown  since  for  this  case  the  velocity  at  the  propeller 
is  largest  and  the  velocity  distribution  is  most  pronounced. 

It  is  seen  from  Figure  18  that  before  the  propeller  the 
velocity  distribution  is  uniform  and  the  velocity  ratio  is 
unity  except  for  the  boundary  layer  at  the  shroud  and  a 
decrease  in  the  flow  near  the  centerbody.  For  the  measure¬ 
ments  nearest  to  the  front  of  the  propeller  (0.13  of  the 
propeller  tip  radius)  the  boundary  layer  flow  occupies  about 
10  percent  of  the  inlet  area  and  the  reduced  flow  near  the 
centerbody  is  about  90  percent  of  the  theoretical  value  and 
covers  about  30  percent  of  the  propeller  area.  Over  the 
remaining  propeller  area  the  velocity  is  uniform  at  the 
theoretical  value.  Thus,  the  area  weighted  average  velocity 
is  within  ten  percent  of  the  theoretical  velocity,  but  is 
lower  than  predicted.  The  propeller  changes  the  uniform 
approach  velocity  to  a  trapezoidal  velocity  distribution  which 
of  course,  cannot  occur  discontinuous ly,  and  which  is  not 
quite  established  at  a  distance  of  0.17  of  the  propeller  tip 
radius  behind  the  propeller.  The  change  from  a  uniform  flow 
to  the  trapezoidal  flow  requires  that  there  be  a  radial  com¬ 
ponent  of  the  velocity.  This  trapezoidal  velocity  distribution 
is  probably  the  most  nonuniform  velocity  which  would  be  achieved 
unless  the  propeller  was  specially  desigT’rd  *"0  produce  a  non- 
uniform  velocity  (with  reversed  twist  or  an  inversly  tapered 
blade  planform).  This  non-uniformity  of  the  inflow  velocity  is 
small  enough  to  expect  the  assumption  of  uniform  inflow  to  yield 
reasonably  accurate  results  for  performance  calculations  for 
installed  propellers. 
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In  the  curved  duct  the  propeller  also  produces  a 
similar  velocity  distribution,  however,  the  curvature  produces 
also  an  azimuthal  variation  on  the  flow  through  the  propeller. 
The  dynamic  pressure  of  the  flow  after  the  propeller  at  an 


Vd  of  0*182  and 


16  psf  are  as  follows: 


Measurement 

^CONSTAfJT 

1 

josciU^TlOfJ 

0.52 

3.8 

2.2 

Sin  i'P  -270°) 

0.80 

10.0 

2.0 

Sin  (f  -270°) 

0.92 

13.1 

1.9 

Sin  -270°) 

This  data  indicates  that  there  is  about  10  percent  of  the  velocity 
near  the  75  percent  blade  radius. 

The  magnitude  of  the  average  velocity  at  the  propeller 
depends  on  the  requirements  of  the  annular  jet  as  influenced  by 
the  duct  system,  as  has  been  discussed  previously  in  Section  1,8, 
However,  the  ratio  of  the  velocity  at  the  propeller  to  the 
propeller  tip  speed  may  be  calculated  from  any  of  the  following 
relations : 


-O-R 


*  ^^^tCVTp) 


In  the  test  program  these  pressure  and  thrust  ratios 
were  measured  independently.  Therefore,  the  velocity  ratio  at 
the  propeller  was  calculated  using  each  of  these  relations  and 
the  results  are  compared  in  Figure  19. 


It  may  be  noted  from  Figure  19  that  the  relations 
which  depend  on  tne  momentum  relations  discussed  in  the 
theoretical  analysis  result  in  a  lower  value  of  the  velocity 
at  the  propeller  than  the  velocity  data  which  was  measured 
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directly  at  the  nozzles  and  in  the  inlet.  It  should  be  noted 
that  the  propeller  velocity  ratio  is  the  same  for  the  curved 


and  straight  duct  at  the  same 


This  gives  considerable 


support  to  the  test  data  since  a  large  number  of  measurements 
are  involved  with  two  different  test  set  ups. 


The  propeller  also  causes  a  rotation  or  swirl  in 
the  flow  as  a  reaction  to  the  propeller  torque.  Typical 
swirl  angle  data  are  shown  in  Figure  20  for  the  straight 
duct.  This  data  shows  that  swirl  angle  varies  with  height. 
This  variation  is  of  sufficient  magnitude  that  it  would  be 
difficult  to  design  an  anti-rotation  vane  system  which 
would  give  good  performance  at  all  heights.  It  should 
also  be  noted  that  at  low  heights  when  the  swirl  angle  is 
large  the  flow  is  reduced  so  that  the  rotational  energy  loss 
is  always  small  (about  2  percent  of  the  air  horsepower). 

This  conclusion,  of  course,  only  applies  to  configurations 
similar  to  those  tested. 


2.2,4  Propeller  Efficiency 


As  given  previously  the  efficiency  of  the  propeller 
is  defined  as: 


7  =  T,V|. 

‘f  sso  If 


This  relation  may  also  be  expressed  as 


These  parameters  have  been  measured  and  ;iie  efficiency  calculated 
with  this  relation  is  shown  in  Figure  2]..  It  may  be  noted  in 
this  figure  that  an  average  efficiency  of  94  percent  is  reached 

of  1.7,  This  efficiency  for  the  propeller 

i 

is  unusually  high.  A  maximum  efficiency  of  about  d5  percent  was 
expected  for  this  zero  twist  rectangular  planforw  propeller. 

If  the  value  of  was  0.9  of  the  meaoured  value,  v/ould 

be  85  percent.  As  is  discussed  in  jcction  2.3.2  there  are  also 


at  about  a 


ITD 


29 


208A90-1 


other  reasons  to  suspect  the  pressure  measurements. 

2.3  DUCT  PERFORMANCE 

The  function  of  the  duct  is  to  channel  the  flow  to  the 
propeller  taking  advantage  of  the  negative  inlet  pressures  to 
increase  the  flow.  The  duct  then  delivers  the  flow  from  the 
propeller  to  the  nozzles,  and  should  in  conjunction  with  the 
propeller  provide  the  velocity  distribution  which  will  give  best 
annular  jet  performance.  To  determine  how  well  the  duct  performs 
this  function, surveys  were  made  of  the  flow  into  the  inlet  in 
the  duct  and  at  the  nozzle  exits.  Typical  examples  of  this  data 
are  presented  in  this  section  to  show  the  general  flow  field  of 
the  test  units. 

2.3.1  Flow  Field  Data 


For  the  straight  duct  out-of-ground  effect,  the 
flow  field  in  the  vicinity  of  the  propeller  and  inlet  was 
investigated  and  the  data  obtained  are  shown  in  Figure  22. 

Upstream  of  the  propeller  the  total  pressure  is  approximately 
atmospheric  and  therefore,  the  static  pressure  data  shown 
also  is  indicative  of  the  dynamic  pressure  of  the  flow  into 
the  inlet.  Downstream  of  the  propeller  the  static  and  total 
pressures  are  increased  so  that  the  total  pressure  in  the  duct 
is  about  80  percent  of  the  propeller  disc  loading.  The  static 
pressure  in  the  duct  downstream  of  the  propeller  is  slightly 
negative  (gage)  apparentlv  due  to  propagation  of  the  negative 
pressure  induced  at  the  periphery  of  the  nozzle  and  at  the  base 
of  the  centerbody. 

The  effect  of  a  change  in  the  length  of  the  inlet 
on  the  inlet  flow  is  also  shown  in  Figure  22.  At  the  inlet 
the  flow  is  shown  to  be  similar  for  the  two  distances  to  the 
propellers  that  were  tested.  However,  for  the  case  where  the 
duct  inlet  is  close  to  the  propeller  the  velocity  is  signi¬ 
ficantly  larger  near  the  outer  end  of  the  blades.  The  differ¬ 
ence  in  the  shape  of  the  velocity  distribution  sho’tTn  is  apparently 
due  to  the  change  in  the  proximity  of  the  inlet  to  the  propeller. 
As  will  be  explained  later,  the  difference  in  the  magnitude  of  the 
inflow  \/^elocity  in  this  region  is  apparently  due  to  the  difference 
in  the  disc  loading  of  these  tests  on  inlet  performance  rather 
than  due  to  the  effect  of  the  inlet  length. 

For  conditions  where  the  nozzles  are  close  to  the 
ground,  the  flow  is  as  shown  in  Figure  23.  This  figure  shows 
pressure  data  obtained  at  various  locations  in  the  duct.  The 
inlet  flow  data  given  in  Figure  23  can  also  be  compared  with 
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the  data  of  Figure  22.  This  comparison  shows  that  the  inlet 
flow  pressures  become  a  smaller  fraction  of  the  propeller  disc 
loading  as  the  nozzle  height  is  reduced.  The  static  pressure 
in  the  duct  is  shown  to  be  fairly  uniform  in  the  region  behind 
the  propeller  to  the  nozzle,  and  varies  from  nearly  zero  gage 
pressure  out  of  ground  effect,  to  a  value  slightly  less  than  the 
base  pressure  when  the  nozzle  is  very  near  the  ground. 

It  may  also  be  noted  in  Figure  23  that  at  =  0.12 

the  velocity  of  the  flow  through  the  duct  (as  indicated  by  the 
difference  between  the  total  and  the  static  pressure  data)  is 
almost  zero  near  the  centerbody.  This  indicates  that  the 
effective  nozzle  thickness  is  less  than  the  actual  nozzle  thick¬ 
ness.  Tuft  studies  show  that  the  flow  in  this  region  is  reversed, 
apparently  due  to  the  influence  of  the  base  pressure  on  the  flow. 
The  reduction  of  effective  nozzle  thickness  with  height  may  reduce 
the  base  pressure  which  can  be  achieved  for  a  given  nozzle  total 
pressure  and  also  may  reduce  overall  performance. 

Typical  nozzle  flow  data  for  the  curved  duct  are 

shown  in  Figure  24  for  of  0.181,  This  data  shows  azimuthal 

and  radial  variations  in  the  total  and  static  pressures  at  the 
nozzle.  As  shown  in  the  figure  the  nozzle  static  pressure  is 
negative  at  zero  degrees  apparently  due  to  the  effects  of 
the  small  radius  of  curvature  of  the  duct  in  this  area.  This 
effect  causes  some  changes  to  the  annular  jet  performance,  as 
will  be  discussed  in  a  later  section. 

2.3.2  Duct  Efficiency 

The  efficiency  of  the  duct  system  may  be  determined 
by  measuring  the  total  pressure  of  the  flow  at  the  jet,  , 

and  the  propeller  disc  loading,  .  The  ratio  of  these  two 

parameters  is  the  efficiency  of  the  duct,  0^^  ,  since  this  ratio 

is  equal  to  the  ratio  of  the  air  horsepower  delivered  to  the 
nozzles  divided  by  the  air  horsepower  produced  by  the  propeller. 
This  is  derived  in  the  theory.  The  duct  efficiencies  of  the  test 
units  are  showi  by  the  data  of  Figure  25. 

It  is  noted  that  the  product  of  the  duct  efficiency 
and  the  isolated  propeller  efficiency  is  the  overall  internal 
efficiency.  A  comparison  of  the  data  in  Figures  25,  21  and  15. 
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shows  fairly  good  agreement  of  V7ith  the  product  of  and 

,  this  product  being  about  six  percent  less  tiian  . 

This  difference  is  possibly  due  to  the  manner  in  which  the  data 
of  the  total  pressure  was  averaged.  It  should  be  noted  that 
the  total  pressure  varies  with  the  radius.  For  this  report, 

all  average  data  are  an  area  weighted  average,  which  is  the 

one  which  should  be  used  for  determining  forces.  However,  for 
determining  air  power  a  flo^^7  quantity  weigated  average  should 
be  used.  Since  the  flow  quantity  increases  with  v/hen  the 

static  pressure  is  constant  a  flow  quantity  v^eighted  average 
is  larger  than  an  area  weighted  value.  Therefore,  the  data 
given  in  Figure  25  indicates  a  slightly  smaller  duct  efficiency 
than  the  actual  value. 

It  should  l.e  noted  in  Figure  25  that  duct  efficiency 
is  reduced  by  duct  curvature.  About  13  percent  less  efficiency 
was  obtained  for  the  curved  duct  tnan  the  straight  duct.  The 
addition  of  the  plenum  caused  a  further  aecrease  in  efficiency. 

Still  it  is  noted  that  the  efficiency  of  the  configuration  with 
the  plenum  is  unexpectedly  high.  Since  this  configuration  con¬ 
sisted  of  the  straight  duct,  the  plenuiii  and  then  the  curved 
duct  in  series  it  is  expected  that  the  efficiency  of  this 
combination  would  be  the  product  of  the  efficiency  of  the 
components.  This  would  indicate  that  the  efficiency  of  the 
plenum  was  94  percent  efficient  at  a  ttJ)  o£  unity.  It 

vjas  expected  that  the  plenuvii  efficiency  woxild  be  considerably 
less  than  this  value.  One  reason  for  this  large  plenum  efficiency 
is  probably  due  to  the  alignment  of  the  straight  duct  exit  with 
the  inlet  of  the  curved  duct.  Also  it  is  possible  that  the  curved 
and  straight  duct  efficiencies  benefit  from  this  combination  of 
ducts  and  plenum, 

A  portion  of  the  data  \/hicii  relates  to  duct  efficiency 
iias  an  apparent  discrepancy  vdiich  canuct  be  explaiaed.  That  is, 
for  numerous  data  points  with  the  straigl.t  duct  at  all  tested 
heigiits  and  for  the  curbed  duct  at TTDfi  greater  than  unity  the  total 

pressure  behind  she  propeller  wa^  found  to  be  less  tlian  the 
total  pressure  at  the  nozzles.  This  eata  is  shown  in  Figure  26. 
Although  th.e  discrepancy  is  of  small  magnitude,  it  is  of 
signif icaiice  since  it  v;as  measuted  at  so  itiany  points.  Possible 
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explanations  for  this  discrepancy  are: 

1. )  The  rotation  in  the  flow 

2. )  Unsteady  flow  cfftcts  near  the  propeller 

3. )  Instrumentation  inaccuracies 

The  inlet  performance  and  duct  losses  are  discussed 
in  the  following: 

2. 3. 2.1  Inlet  Perforiiiance 


The  inlet  ring  produces  a  thrust  which  is 
related  to  an  increase  of  mass  flow  in  Llie  ducts.  This  thrust 
is  caused  by  the  negative  static  pressure  acting  on  the  area 
of  the  inlet  ring. 

The  inlet  ring  surface  static  pressure  was 
measured  during  these  tests  and  typical  data  for  an  out-of¬ 
ground  effect  condition  are  shown  in  Figure  27.  For  this  data, 
the  propeller  disc  loadi.rig  was  used  as  a  nori-d5.rv.insionalising 
parameter.  The  data  shows  that  the  flow  separcstes  from  the 
surface  at  an  inlet  ring  cross-section  angle,  Os  ,  of  about 

133  degrees.  Separation  is  indicated  by  tl'ic  peak  in  the  curve 
of  surface  static  pressure  \.'ith  inl-t  angle.  The  thrust  of 
the  inlet  ring  \}as  estimated  by  integrating  the  measured  pressures 
across  t!ie  inlet  ring  and  the  U/era-.c  ratio  of  inlet  thrust  to 
propeller  thrust  cxit-of-groun  1  eff..et  •,:as  round  to  be  0.70  for 
tlie  specific  test  configuration . 


The  inl_t  floe-  also  causes  a  seuuction  in  the 
surface  static  preL.s..re  on  the  nose  of  the  canterl  ody .  This 
static  pressure  \.as  ii'easured  and  liie  typical  data  obtained  arc 
sho\ai  in  Figure  23.  The  thrust:  ^diich  this  pressure  diistribution 
represents  also  obtained  by  numerically  integrating  the 
pressure,  ane  fur  the  out -of -ground  effect  condition,  v^as  found 
to  bo  about  0.1  of  the  propcli_i  thrust.  The  ccuterbody  nose 
contribution  decreases  with  decreasing  nozale  height  and  becomes 


insignificant  at  values  of 


i^lcas  than  0.3. 


Tile  otraight  duct  t..sL  unit  \;.-is  also  tested 
out-of-ground  effect  witl.  an  increa.^ed  inlet  length.  That  is 
a  duct  extension  about  Liiree  propeller  radii  long  was  placed 
between  the  propeller  and  the  inlet  ring,  dtatic  and  total 
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pressure  measurements  were  made  at  the  mid  length  of  this 
extension  and  the  data  are  shovra  in  Figure  29,  and  similar 
inlet  data  measured  close  in  front  of  the  propeller  are  shown 
in  Figure  22. 


The  total  pressure  data  shox-^n  in  Figure  29 
indicates  that  V7ith  increased  disc  loading  the  outer  wall 
boundary  layer  becomes  less  thick.  Since  the  inlet  loss 
is  the  total  pressure  times  the  flow  quantity  a  decrease  in 
this  boundary  layer  indicates  improved  performance.  As  a 
consequence  of  the  increased  boundary  layer  the  static 
pressure  to  disc  loading  ratio  becomes  of  larger  magnitude 
(more  negative)  with  decreased  disc  loading.  From  momentum 
relations  and  Bernoulli's  equation,  it  can  be  shown  that; 


i  =  -  hjii- 
Tp  Tp  V  At/ 


Since  the  measured  /j^  seems  to  be  independent  of  disc  loading 


it  appears  that  Ai. varies  wit’n  disc  loading  since  —  P:Af 

'  ^  Tp 

is  show!  to  vary.  This  effect  may  bo  considered  as  a  contraction 
of  the  flow  into  the  inlet  which  appears  like  a  separation  or 
a  thickened  inlet  boundary  layer.  From  this  data  is  about 


a.7G  at  Vap 


of  S  psf,  and  is  equal  to  unity  at 


of  15.6 


psf.  It  should  be  noted  that  consideration  of  this  effect  may 
provide  agreement  of  the  propeller  velocity  ratio  data  shown  in 
Figure  19. 


It  may  also  be  noted  from  Figure  29  that  the 
static  pressure-disc  loading  ratio  generally  increases  negatively 

near  the  centerbody  at  ^0.5,  as  compared  to  values  at 

This  indicates  that  the  velocity  near  the  centerbody  is  higher 
than  the  velocity  near  the  outer  v/all  boundary  layer  of  the 
duct.  This  effect  is  apparently  due  to  the  inlet  since  the 
velocity  after  the  propeller  is  larger  near  the  outer  wall. 

The  data  shovm  in  Figure  29  can  also  be  used 
to  estimate  the  loss  in  efficiency  due  to  inlet  separation. 

Since  the  total  pressure  was  zero  until  the  loss  due  to  the 
inlet,  the  negative  total  pressure  near  the  outer  wall  represents 
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a  loaa  of  eotrgy.  This  loso  jaa  be  sLown  to  ropr^ser.t  about 
2'X  of  the  input  Inorsopou'er  at  a  aise  loadin^;:  of  15.6  psf. 

Ic  kiay  also  be  acteo  it:;  Fipure  29  that  the,re 
uGos  not  appiar  to  be  a  region  of  r._;v:iLive  total  prossute  near 
the  ceriterbod;''.  This  v^ould  substantiate  the  conclusion  that 
the  reason  for  the  thick  boundary  layer  near  the  outer  wall 
is  due  to  the  inlet  rin^j  flow  separation  and  not  due  to  a  boundary 
layer  caused  by  skin  friction, 

T;ie  r.casured  inlet  ring  thru^. L  out-cf-ground 
fur  the  4.5  inch  sevuicircular  cross  section  inlet  ring  is  com¬ 
pared  with  similar  date  from  the  literature  in  Figure  30. 

Since  this  data  agreas  fairlv  well  with  the  data  from  the 
literature  tliere  was  no  further  effort  to  correlate  tlie  thrust 
of  the  other  inlet  configurations  with  ttiis  cut-of-ground  effect 
data.  As  previously  noted  rhe  other  inlet  rings  were  tested 
to  determine  the  effect  of  the  inlet  ring  design  on  overall 
perforaiance . 

The  theoretical  variation  of  inlet  ring 
thrust  with  inlet  ring  area  is  also  presented  in  this  figure, 
as  wxll  be  '^rsoussca  m  oection  3. 

The  effect  of  the  lieight  of  the  noroles  from 
tile  ground  on  the  inlet  thrust  is  shown  in  Figure  31.  The 
ratio  of  inlet  thrust  to  propeller  thrust  decrease;  with 
heijdit  since  for  a  given  propeller  thrust  the  flow  through 
tb.e  duct  decreases  witli  the  height,  with  .i  reduction  in  tlie 
flow  into  the  inlet  the  static  pressure  i^,  the  iulet  increases, 
and  lienee  the  thrust  vicntribution  of  t.hu  i.nlut  •.in.;,  decreases, 
b'hen  plotted  against  irkh^  the  ratio  c.C  LoTpi-..  toir.cidcnt 

ror  tiro  straig^it  anu  curvc'^  •^nctu. 

It  slioulu  Du  not-  1  L.i  .t  l  .J.C  v,erv'  >-1  aucu  rnlcL 

thrust  varies  with  the  propeller  aaii..uth  c.ii^^le,  .  Typical 
uata  are  shown  in  Figure  32  that  siic-.;  this  va..  latioii .  Vduii 
.  ntegrateu  tliis  data  can  bu  represent -d  b,v  t'..e  fcllcv.ing 
relation ; 
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This  relation  was  determined  for  the  data  shown  for  of 

2.2,  and  would  only  be  expected  to  be  valid  for  conditions  near 
this  point. 

2.4  ANNULAR  JET  PERFORMANCE 

The  characteristics  of  the  annular  jet  determines  the  lift 
producing  capacity  of  the  GEM  and  the  purpose  of  the  previously 
discussed  GEM  component  characteristics  is  to  provide  inform¬ 
ation  on  the  internal  floxj  feeding  the  jets.  The  present 
program  was  mainly  concerned  x?ith  the  internal  aerodynamic 
problems  and  the  greater  part  of  the  test  effort  was  confined 
to  this  area,  '^ome  measurements  of  the  jet  characteristics 
were  obtained  however,  and  this  data  is  presented  below  with 
a  brief  discussion. 


2.4.1  Base  Pressure  Recovery 


The  primary  performance  parameter  of  the  usual 
annular  jet  configuration  is  the  ratio  of  the  base  pressure 
to  the  total  pressure  of  the  jet.  The  test  data  for  the  curved 
and  straight  duct  configurations  is  shown  in  Figure  33  with 
comparative  test  data  from  Reference  7  and  various  theoreti¬ 
cally  predicted  data  based  on  the  theories  from  References  6,  8 
and  9.  It  may  be  noted  from  this  figure  that  the  test  data 
are  considerably  less  than  the  theoretical  values.  At 


of  unity  the  test  value  is  only  about  76  percent  of 


the  theoretical  value.  The  test  data  from  Reference  7  is  not 
exactly  comparable  to  the  test  data  from  this  program,  since 
the  GEM  tested  in  this  reference  had  inclined  nozzles  and  had 


a  small  nozzle  width  to  diameter  ratio,  ,  as  compared 

with  the  straight  or  curved  duct  configurations.  A  comparison 
was  also  made  of  this  data  with  the  appropriate  theory  and  it 
is  seen  that  the  data  of  Reference  7  are  also  about  20  percent 
less  than  the  theoretical  values. 


It  may  be  noted  that  the  curved  duct  has  a  somewhat 
lower  base  pressure  recovery  than  the  straight  duct.  This  un¬ 
expected  loss  in  base  pressure  recovery  is  apparently  due  to 
the  peculiar  nozzle  pressure  distribution  for  this  duct  which 
was  noted  previously. 
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2.4.2  L^ozzle  Freatjure 


The  iiozale  static  pressure  oata  for  the  curved  and 
straight  ducts  and  the  Reference  7  data  are  shown  in  Figure  34. 
This  data  shows  that  the  nozzle  static  pressure-nozzle  total 
pressure  ratio  reaches  unity  at  zero  height  when  there  is  no 
flow  from  the  nozzle  and  becomes  negative  out  of  ground  effect. 
It  can  be  shown  that  most  of  the  theories  predict  that  the 
nozzle  pressure  is  one-half  the  base  pressure.  The  nozzle 
pressure  data  is  presented  as  a  ratio  to  the  base  pressure  in 
Figure  35.  This  figure  shows  that  the  nozzle  pressure  is 
one-half  the  base  pressure  at  only  one  height.  At 

values  less  than  about  three  the  base  pressure  exceeds  this 
theoretical  value.  Since  as  shr ;nt  before  the  predicted  base 
pressure  recovery  is  optimistic  and  the  nozzle  static  pressure 
is  greater  than  predicted,  it  would  be  expected  that  annular 
jet  configurations  should  have  larger  nozzle  area  to  base  area 
ratios  than  the  theoretical  optimum. 

2.4.3  Augmentation  Ratio 

This  ratio  is  of  very  questionable  value;  however, 
the  test  data  obtained  have  been  plotted  in  Figure  36  with 
comparative  data  from  References  7,  10,  and  11.  It  should  be 
noted  that  the  comparison  of  this  data  cannot  be  related  to 
the  annular  jet  performance  as  presented  in  other  sections  of 
this  report. 


37 


203A90-1 


3.0  CORRELATION  OF  AMLYTICAL  METHODS  WITH  TEST  RESULTS 

In  this  section  the  analyses  of  Section  1  is  compared 
v/ith  the  test  data  of  Section  2.  The  degree  of  correlation 
betv^een  analysis  and  test  data  is  discussed. 

3.1  PROPELLER  PERFORMANCE 


In  Sections  1.3  and  1.4  methods  are  presented  for  predicting 
propeller  thrust  and  power,  respectively.  Propeller  performance 
calculations  have  been  made  with  the  meLhod  assuming  constant 
velocity  at  the  propeller  and  also  with  the  method  in  which 
radial  variations  in  the  propeller  inflow  velocity  are  considered 
The  calculated  data  are  shown  with  the  comparative  test  data 
in  Figure  37  for  propeller  thrust  coefficient  and  in  Figure  38 
for  the  propeller  power  coefficient.  These  data  were  calculated 
assuming  a  constant  slope  of  the  airfoil  section, 5 . 73/radian, and 
a  power  series  drag  polar  v/ith  coefficients  of  0.0087,  5, 

of -.0216  and  of  0.4.  These  airfoil  characteristics  are  based 
on  data  given  in  References  12  and  13  for  the  tested  0012  Section 
The  calculated  thrust  coefficient  data  are  not  more  than  10  per¬ 
cent  larger  than  the  experimental  values  of  all  ,  values 


larger  than  unity.  At  values  of  TTDiy  smaller  than  unity  the 
calculated  increases  more  rapidly  with  decreasing  Tn>la^^. 
than  does  the  experimental  data.  The  reason  for  this 


divergence  of  the  calculated  data  from  the  experimental  data 
is  that  the  propeller  blade  tips  are  stalling.  This  may  be 
shown  by  calculating  the  blade  tip  angle  of  attack,  CC^ip  » 


using  the  following  relation 


The  blade  tip  angle  of  attack  based  on  the  experimental  value 
of  Ct  is  shown  in  Figure  39.  As  shown  in  Reference  12  the  0012 
airfoil  of  the  tested  propeller  stalls  at  11  degrees  at  the 
tested  tip  Mach  numbers.  This  stall  angle  is  in  good  agreement 
with  the  test  data  in  that  10.5  degrees  tip  angle  of  attack 

are  reached  at  unity.  At  angles  of  attack  beyond 

stall  the  measured  thrust  should  be  leso  than  the  calculated 
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thrust  since  the  calculations  v/ere  made  for  a  constant  lift 
curve  slope  with  no  consideration  for  stall.  If  it  was  desired 
to  predict  the  thrust  coefficient  for  conditions  with  stall 
the  airfoil  section  data  from  a  reference  such  as  Reference 
12  shovild  be  used  together  with  Equation  1.3-lS.  The  value 

of  is  then  found  by  an  iteration  method  using  numerical 

integration  techniques. 


It  is  seen  from  Figure  37  that  for  the  sample  calculation 
point  the  thrust  coefficient  based  on  a  radially  varying  in¬ 
flow  velocity  is  approximately  equal  to  that  obtained  using 
the  constant  inflow  velocity  assumption. 


The  calculated  propeller  coefficient  is  compared  with 
experimental  data  in  Figure  38.  As  sho\<Ti  in  this  figure  the 
propeller  power  coefficient  calculated  with  a  uniform  propeller 
velocity  is  about  15  percent  lower  than  the  test  data 


at 


of  unity. 


It  should  be  noted  that  if  the  radial 


variation  of  propeller  velocity  is  considered  better  agreement 
is  obtained,  the  calculated  data  in  this  case  is  about  10 
percent  less  than  the  test  data. 


3.2  DUCT  EFFICIENCY 


3.2.1  Duct  Losses 


The  duct  loss  factor  has  been  calculated  based  on 
the  data  presented  in  Figures  25,  31  and  34  for  the  curved  and 
straight  ducts.  This  data  is  shown  in  Figure  40.  The  loss 
factor  is  shown  to  approach  infinity  as  approaches 

zero.  This  is  caused  by  Pj  becoming  equal  to  for  zero 

flow  conditions,  and  therefore  this  parameter  cannot  be  used 
in  this  form  for  conditions  which  approach  zero  flow.  At 


larger  values  of  the  duct  loss  factor  somewhat  approaches 


the  value  for  duct  friction  loss 
References  1,  3,  and  14.  However 

is  twice  the  value  for  long 
believed  that  a  large  portion  of 
by  duct  inlet  losses. 


given  in  the  literature  such  as 
,  at  TT  J)  of  2.5  the  value  of 

smooth  duct  friction.  It  is 
this  discrepancy  is  caused 
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3.2.2  Inlet  llins  Performance 


The  analysis  of  Jection  1.6.3  ia  now  compared  with 
the  test  data  shox^m  in  Figures  27  and  39.  As  shown  in  Figure 
27  the  assumption  of  a  linear  variation  of  the  inlet  ring 

pressure,  ,  with  inlet  angle,  >  is  good  up  to  0«  = 


135' 


For  the  evaluation  of  the  inlet  thrust,  ,  the 


portion  of  the  inlet  of  >135*  is  only  of  minor  importance. 

A  value  for  -  2.25,  represented  in  Figure  27  as  the  straight 
line,  is  considered  applicable,  v^ith  this  value  of  )i  ,  the 

d 

variation  of  vs.  »  using  Equation  1.6. 3-6,  has 

been  computed  and  the  result  is  shown  in  Figure  30.  The  theory 
is  applicable  up  to  x-?hich  equal  to  unity. 

Beyond  this  taken  as  unity.  It  is  seen 


that  this  analysis  agrees  reasonably  \.ell  x/ith  the  available  test 
data. 
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0  rIETKOD  OF  )E3IGII  OF  FROPELLEA  A  ;)E  DUCT  JYSTEHJ 


In  the  3ani;-,ri  o£  annular  jai:  ^rounu  eiT-c!: 
is  'necoescr}'  to  cstablisL  Lha  follouiu^  pcrar.icter 


Gan era 1  ArranucKant  Parameters 


a.  Ba.-e  Area,  S 

b .  Gr o ^ s  weight , W 

c.  M-.rimurn  Hovering  I'oight, 

2,  Annular  Fat  Paravacterd 

d.  Hoiinla  Area  K*,anA  Inalination,  0j^ 

b «  1  u  — * %j  ^  ur c , 

a.  hoarla  Pr_d:juro,T^ 

«  iJU-C 

a.  Fro,n-llcr  .-Arua,  Af 
b*  Gi. at' -V oony'  Area,  /\c0 
c.  I.. let  Areal, 
a.  Inle'"  Fling  ivrea,  A^ 


e«  Laii^t.4.; ,  Cur\a'it'urc  aii'u  xirea  taraiueters 
f.  Jtruts  en.'i  Protaberar.ees 


(1.  jnei;  Efticiency, 

4.  Propell.r  Eesigr. 

a.  Rotational  Speed,  JI. 

b.  Blade  ParameUern  ,  0j^jCr 


Vvehiale 

'  « 


41 


208A90-1 


In  general,  the  parameters ,  S  ,  W  and  vvill  be  given 

for  the  dasign  of  the  propeller  and  duct  systam.  The  problem 
is  then  to  establish  the  detail  characteristics  of  propeller 
and  ducts  and  to  dcteritine  the  required  pov^cr.  These  para¬ 
meters  cannot  be  established  until  the  annular  Jet  requirements 
■arc  defined.  Methods  for  the  design  of  these  components  are 
given  in  this  section, 

A.l  ANiWUUl  J£T  PAR-\I''jET£Rd 

The  required  propeller  and  duct  parameters  depend  on  the 
flovv  requirements  of  the  annular  jet  and  tlvcrefore,  these 
parameters  must  be  establishes  before  the  duct  and  propeller 
are  cotisidered. 

The  determination  of  the  nociile  flov^  parameters  is 
hampered  by  the  lack  of  agreement  of  the  existing  theories , 

As  noted  in  beet  ion  2  the  existing  tlicories  give  an  inaccurate 
prediction  of  the  nosrls  flow  parameters.  To  determine  the 
accuracy  of  the  theory  of  Refertiice  o  in  predicting  overall 
performance,  the  calculatcu  internal  efficiency  of  the  test 
units  \/as  evaluated,  and  the  resulting  data  are  shovm  in 
Figure  41,  This  efficiency  is  determined  f)‘om  the  (3^^^ 

data  of  Reference  6  as  follov/s: 

As  noted  previously  in  Section  2,1  the  calculated 
internal  efficiency  of  the  straigiir.  duct  configuration  is 
about  70  percent  as  compared  to  the  actually  i.. ensured  73 
percent.  The  i.ieximuie  curved  duC'_  internal  efficiency  was 
i.icasured  as  63  percent  and  was  fairly  constant  at  tliis  value 
bet. ween  0.2,  From  the  data  ^hown  in  Figure  41, 

tlie  caiculatid  iiitornal  efficienc' 

0.1  and  decreases  to  40  percent  at 

poor  correlation  of  test  data  aiid  (  hcory  resalto  from  the  fact 
that  t'lio  noz/.le  and  base  pressure  preaiction  method  is  inaccurate. 


:'s  32  percent  at  an  of 

of  0.2,  Tliis  rather 
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The  lack  of  agreement  between  theory  and  experimental 
data  is  of  a  magnitude  v/nicb  makes  the  theoretical  determination 
of  an  optimum  noasle  geometry  of  questionable  value.  However, 
the  experimental  nozsilG  flow  and  base  pressure  data  are  given 
in  Figures  33  and  34  for  the  tested  configurations  which 
significantly  differ  only  in  the  parameter  /^j  .  It  is 

seen  from  these  figures  that  the  effect  of  much 

smaller  than  the  effect  of  irDk/  .  This  data  can  also  be  used 

to  estimate  the  optimuir  value  of  ^■/S  •  This  optimum  can  be 

estimated  by  use  of  the  test  data  together  with  the  following 
relations : 


< — ( 

''4- 

i)  +  (z-  Pj; 

1 

1 

^i\ 

(f)< 

k'’VpJ 

(4.1-1) 

(4.1-2) 

(4.1-3) 

(4.1-4) 

(4.1-5) 


Equation  (4.1-5)  can  be  solved  for  the  lift-power  ratio  for 
viU'ious  value j  of  .  For  this  comparison,  liowever,  the  para¬ 
meter  io  of  greater  intercjt  thaa  Ft ^  .  Equation  (4.1-2) 
can  be  :^oivod  for  4or  a  eii  ^  anJ  tlii^  value  may  be 

-.'I'Jot itutc.j  for  in  Equatioii  (4.1-3).  Tliis  resulto  in  the 

fv;llov;ing : 
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P  P'  / 

The  measured  values  of  /Pt*  into 

Equation  4.1~6,  and  by  some  extrapolation  a  plot  of  the  ratio 
yp  is  obtained  as  a  function  of  Aj/5  for  a  given 

and  for  various  values  of  •  Tl''*-  results  of  these  calculat¬ 

ions  are  shown  in  Figure  42.  As  noted  above  in  connection  Vi,dth 
the  data  shown  in  Figures  33  and  34,  the  effect  of  is 

of  a  second  order  only.  Hence,  in  calculating  from 

Equation  4.1-6,  the  assumption  has  been  made  that  the  pressure 
data  is  a  function  of  vriih/,  j  only.  The  curves  shown  in 
Figure  42  span  the  practical  range  of  Ajy^  and  result  in 
an  variation  that  is  similar  to  that  of  Reference  11. 

Figure  42  indicates  that  ground  effect  machines  diesignod 
to  hover  at  an  of  0.2  should  have  noscle  area  to  base  area 

ratios  as  large  as  40  percent. 


For  GEKo  designed  to  hover  at  values  of  1^'^!-'  than  0.2 

the  information  shown  in  Figure  42  indicates  tliat  a  smaller 
is  to  bo  used  for  increased  per fori..ance . 

4.2  DUCT  DESIGN 

In  the  design  of  the  duct  systera  the  available  tOot  data 
can  be  used  for  qualitative  informal  ion ,  but  for  detailed 
quantitative  results  a  model  test  cipproach  or  ..  vec;  flexible 
prototype  dcvelcpr.cnt  program  is  v/arra  ited. 

The  design  of  the  luct  oysteai  require.,  consiaeration 
of  many  variables,  incluuing  those  \/hich  duterisiiie  oico,  weight, 
noise,  structural  rugg..dncss,  cost  .'lud  of  cc-uroe,  (.erf(jr.i.arice , 

For  all  of  the  above,  but  tlie  perfoirmauco  eo.isideiation.., , 
ratiicr  small  inlet  and  propeller  area.,  are  desirable,  i.dditional 
invest igat ions  arc  required  to  deLeri..ir.e  w’sether  large  angle 
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diffusing;  such  as  discussed  in  Reference  15  can  be  used  to 
provide  small  propollcra  and  good  overall  performance.  In 
the  present  program  only  constant  area  duets  vjere  investigated. 

The  size  of  the  centerbody  to  be  used  should  be 
determined  by  weigliing  tl-.c  effect  of  increased  centerbody 
size  on  duct  friction  losses,  duct  weight  and  propeller 
performance.  In  general,  it  is  believed  that  the  propeller 
centerbody  should  be  as  ^mall  a.c  •'ossihle. 


ring  geometry  can  significantly  i.,£lu3i-.ce  performance  and, 
therefore,  this  geometry  should  be  carefully  selected.  In 
the  design  of  the  inlet  ring, aerodynamic  performance  is 
a  -major  parameter.  This  is  especially  true  VJlth  a  diffusing 
duct  system.  F’or  a  very  high  performance  vehicle,  it  is 
recommended  that  inlet  conditions  should  be  studied  with  a 
model  of  the  duct  system.  This  model  could  be  connected  at 
the  nozzles  to  a  plenum  with  an  exhaust  fan.  This  v;ill  pro¬ 
vide  air  flow  into  the  inlet  without  propeller  distortions. 
Fressure  measurements  should  be  obtained  to  indicate  the 
configuration  with  the  least  losses.  The  usual  scale  effect 
considerations  such  as  uiocussedi  in  Reference  1  imast  be 
mude  in  deteniiining  the  -aioacl  size  and  evaruating  the  results. 

The  effects  of  length,  curvature  and  duct  area  will 
probably  be  small  Cor  CEIl  duct  cev.f iguratio,.  • .  These 
paramaters  mostly  defini:  skin  fr-ctici;  lo;.  mCs  idnich  cause 
only'  v’.  small  portion  or  tsie  overall  Icsov-o.  GuevaturekS  whicn 
iiiay  cause-  separatiot-  should  be  r  Iniiriaed , 


In  tbiC  ec  jij,n  of  *g’dh  wUci'e.  rt  racomi.,en 
_i.fort  be  Liade  to  keep  sttuto  ^j'roLUi./era.icr;, 

auetj.  ..t  die  lo.e  Roy nCi'-».3  iivuub--’r^  are 

GEl  1  cuct:<,  the  -  tag  o jL  che 3 ^  oti.'U-o  3,o  \L-L'y  loi. 
es^iird  th -•  use  of  ■euenin^  or  anti-rota '.ion  ■.■ana 
carefully  e-valu:.te  1.  The  dr  ;g  lo.,re.^  .^liOuld  1. 
eoi.ipariid  to  the  po.,:.!'.!;-  .••ov  ■  avir^  ■  '.id'  >.b. 


ued  tliat  every 

OliL  mill-': 

iccu'.itcred  in 
ge.  In  this 
.  ..-houlu  bo 

jLUriXCvi.  CIiDsa 
j  _!*  V  ■'  1 1 1  j  i  Uti  y 


pi’  OllUC  1  • 


FRCPLLLbR  DE.5IGN 

Tnc  j-ollov.'ii'iij  g'-ijer  .1  eovi  it.e  lO  i.ic;  i- 

is  Ls.'  dc&igii  of  a  propeller  for  d'd.: 
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1,  Fropellers  should  be  located  in  the  duct  where 
uniforai  flow  conditions  are  approached. 

2,  Blade  tv7ist  and  pitcli  settin-,  should  be  chosen 
considering  both  the  angle  of  attack  for 

)  lainimuiu  and  the  increasing  angles 

of  attack  vjhich  may  be  causeu  by  reduced  operating 
height.  Propeller  blade  twist  and  planforra  should 
be  designed  to  cause  uniforra  inflov?, 

3,  Propeller  tip  speed  should  be  as  small  as  can  be 
tolerated  from  propeller  and  drive  cost  and  weight 
considerations.  The  upper  limit  to  propeller  tip 
speed  is  established  by  consideration  of  noise  and 
drag  divergence  due  to  compressibility  effects, 

4,  Propeller  solidity  should  be  large  enough  to 
produce  the  desired  thrust.  Once  the  propeller 
size  and  tip  speed  and  the  nozzle  flow  requirements 
are  established,  the  method  of  calculating  propeller 
performance  given  in  Section  1  should  be  follov/ed. 
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APPENDIX 

Tl-IE  TEST  PROGRAM 


1.  SCOPE  AND  PURPOSE 

The  purpose  of  the  test  prot;ram  was  to  provide  the 
information  necessary  for  the  formulation  of  raethods  for 
improved  duct  and  propeller  design,  with  the  object  of 
obtaining  more  efficiently  performing  Ground  Effect  Machines, 

2.  DESCRIPTIOM  of  test  CONFIGURATIONS  AND  INSTRUMENTATION 

A.  Test  Confisurations 

In  order  to  determine  the  effect  of  various  parameters 
affecting  the  performance  and  stability  of  ground  effect 
machines,  a  number  of  pararaeters  were  varied  for  tests  of  three 
basic  configurations.  The  test  units  consisted  of  a  propeller, 
inlet  ring,  ducting  and  ground  board. 

The  propeller  characteristics  are  given  in  Table  1. 

The  ground  board  was  used  to  simulate  the  ground;  it 
consisted  of  a  circular  platform  9  feet  in  diameter.  In  order 
to  record  the  lift  reaction  of  the  GEM  duct  test  unit,  the 
ground  board  was  instrumented  with  three  strain-gage  beams. 

The  distance  from  the  ground  board  surface  plane  to  the  base 
of  the  test  unit  was  variable  to  simulate  changes  in  height. 

The  ground  board  could  also  be  inclined  to  simulate  change  in 
angle  of  pitch  or  roll  of  the  test  unit.  Tests  V7ere  performed 
with  distances  varying  from  10  feet  to  1/16  inch  and  at  angles 
up  to  15  degrees. 

1. )  Straight  Duct  Tests 

Straight  duct  tests  v;ere  performed  with  combinations 
of  three  duct  sections; 

(a)  fUorL  straight  duci;  (length  =  54  in.) 

(b)  Long  inlet  duct  (length  =  4d  in.) 

(c)  Nouzie  extension  duct  (length  =  27  in.) 
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Three  inlet  rings  were  tested  which  may  be  described 
as  follows : 

(a)  1.5  inch  radius  semi-circular  inlet  ring 

(b)  4.5  inch  radius  semi-circular  inlet  ring 

(c)  Quarter-elliptic  inlet  ring 
Duct  Sections 


(a)  Short  Straij^ht  uuct 

The  short  duct  contained  the  drive  unit  and  the 
propeller.  The  duct  inside  diameter  was  2.9  feet.  The  propeller 
drive  unit  was  contained  within  a  cylindrical  centerbody  of 
radius  equal  to  3  inches.  Figure  43  presents  the  dimensions 
of  the  duct. 

(b)  Long  Inlet  Duct 

In  order  to  investigate  the  effects  of  the  change 
it  inlet  distance  from  the  propeller,  a  long  inlet  duct  was 
added  to  the  short  duct.  This  configuration  is  shown  in  Figure 
44. 

(c)  Noaale  Extension  Duct 

In  order  to  investigate  the  effects  of  the  change 
in  distance  from  the  propeller  to  the  nozzle,  a  nozzle  extension 
duct  was  added  to  t.he  short  duct.  This  configuration  is  shown 
ill  Figure  h5. 

Inlet  Rings 

(a)  1.3  inch  .jci-.i-Circaiar  Inlet  Ring 

This  inlet  ring  was  circular  \iiLh  an  insiuc 
diameter  of  2.9  feet  to  match  the  diameter  of  the  duct  system. 

The  inlet  ring  was  ocrai-circular  with  a  radius  of  curvature 
of  1.5  inch. 

(b)  .  5  incli  acuii-Circular  Itilet  i-lnt, 

The  construction  of  this  ring  is  similar  to  the 
1.3  inch  ring,  except  the  ring  radius  of  curvature  was  4,5 
inches . 
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(c)  i^uarter  Elliptic  Inlet  Ring 


by 

is 


The  shape  of  this  inlet  ring  can  be  approximated 
assuming  it  to  be  a  quarter  of  an  ellipse  whose  equation 

JL  ^  I 

i.&.to  S2.3 


where  X  and  /  are  in  inches.  Figure  46  shows  the  geometry  of 
the  inlet  ring,  and  the  coordinates  are  given  in  Table  2. 


The  short  duct  with  the  three  inlet  rings  are 
shown  in  Figures  47,  48,  and  49. 


The  base  of  the  test  unit  consisted  of  the 
centerbody  base  for  the  straight  duct  system.  For  a  series 
of  tests,  a  base  of  larger  area  was  added  to  the  existing 
centerbody  at  the  nozzle. 


Geometric  parameters  of  the  straight  duct  are 
given  in  Table  3. 

2. )  Curved  Duct  Tests 


The  curved  duct  tests  were  performed  v;ith  the  three 
inlet  rings  as  described  in  the  straight  duct  section.  The 
duct  centerbody  contained  the  propeller  and  drive  unit.  The 
curved  duct  inlet  was  located  99  degrees  frora  the  nozzle. 

Thj  duct  and  centerbody  were  designed  as  circular  cross-sections 
of  constant  flow  area  (5.21  sq.  ft.)  distributed  along  an 
elliptical  centerline.  The  coordinates  of  the  outer  wall, 
cciiterbody,  and  centerline  are  given  in  Tables  4  and  5. 

Geometric  parameters  of  the  curved  duct  are  given  in  Table  3 
and  also  in  Figure  46.  A  general  test  set-up  of  the  curved 
duct  with  the  4.5  inch  inlet  ring  is  sIio\m  in  Figure  50. 

A  number  of  modifications  were  made  on  the  curved 
duct  in  order  to  improve  the  flov;  in  the  uuct.  In  particular, 
the  modifications  consisted  of  making  the  flow  follow  the 
duct  at  the  place  where  the  curvature  wao  the  greatest. 

(F1ov7  separation  occured  at  that  place  in  tiie  duct).  Tnis 
place  .’.orrespondo  to  an  azimuth  angle  of  zero  ao  seen  on 
Figure  51. 

One  modification  consisted  of  audin^i  a  guide  vane 
to  the  duct,  located  u  inches  behind  the  propeller,  extending 
from  ^  -  399  d.c^rceo  co  ^  -  f  9  .  TliO  guide  vane 
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curvature  was  the  same 
to  6  indies.  The  vane 
outer  wall.  The  guide 
in  Figure  52. 


as  the  outer  wall,  and  had  a  chord  equal 
was  placed  3  indies  radially  from  the 
vane  io  shown  installed  in  tlie  duct 


Anotlier  modificat 
duct  was  the  addition  of  a 
in  place  of  the  guide  vane 
v;as  that  of  a  syi'-anetrical 
the  zero  a.'iiiiauth  line.  Th 
and  the  chord  was  13  inchc 


iuu  to  achieve  better  flow  in  the 
streamlined  body  to  the  curved  duct 
.  The  shape  of  the  streareliised  body 
airfoil  ivliose  chord  was  placed  along 
.c  ixiaj  imuri  body  thickiiess  was  6  inches 
G.  The  span  extended  from  the 


centerbody  to  the  outer  vjall. 


In  order  to  obtaiii  the  effect  of  placing  various 
objects  such  as  control  vanes,  structure,  fuel  tanks,  and 
compartments  in  the  ducts  of  a  GEM,  t\jo  sices  of  control  plugs 
vjere  placed  in  the  noncle  of  the  curved  duct  test  unit  at 
various  azimuth  positions.  Tlie  tw'o  control  plugs  were  semi¬ 
circular  with  a  length  of  3  inclies  and  27  inches , respectively , 

3, )  Curved  Duct  Tests  v/ith  Plenum  Chamber 


This  test  configuratioii  consisted  of  the  follovjing; 

(a)  Short  straight  duct  containing  the  propeller  and 
drive  imit. 

(b)  Quarter  elliptic  inlet  ring  or.  the  short  duct. 

(c)  ricnum  or  settling  clwmber  10  feet  high,  10  feet 
wide  and.  5  feet  in  luiigth  in  tliC  direction  of 

tl  o  flow. 


(d)  Curved  duct  sccLioii  with  e  'm5  inch  inlet  ring 
protruding  into  the  plenuiii  chamber. 

The  pl-noi.i  eliambcr  .-ou figuration.  \.'as  used  to  study 
the  effects  of  a  propeller  located  at  a  great  distance  from 
tlie  curved  duct  s._etion,  ai:d  tGu  effect  of  tliC  flov;  in  the 
curved  duct  without  the  effeeto  of  tl.e  propeller.  The  test 
set-up  is  shown  in  Figures  53  .uiid  54,  Figure  53  shows  the 
plenum  chamber  with  the  sLruight  duct  and  elliptic  inlet  ring, 
and  Figure  54  shov/s  the  base  of  the  curved  vluct  section  along 
with  the  ground  board. 
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E.  Ins  Lruiueritation 

Pressure  data  vjas  obtaiiii^J  at  various  stations  through¬ 
out  the  test  unit.  Pressure  probes  and  rakes  sensed  total  and 
static  pressure.  The  probes  vere  connected  by  plastic  tubing 
to  4  banks  of  multiple  tube  imiiicmeters .  The  pressure  data  was 
recorded  at  the  following  locations: 

(a)  Inlet  Ring 

Static  pressures  vc.vc  mtasured  (at  four  arimuth 
positions)  along  the  surface  of  the  inlet  ring. 

(b)  Inlet  Nose  Pressures 

Static  pressures  were  vneasured  along  the  nose 
surface  at  two  aciinuth  positions. 

(c)  Duct  Pressures 

Static  and  toual  pressures  vvere  measured  at  various 
ariinuthal  and  radial  positions  at  vat  ions  lengths  along  the  duct 
from  the  propeller  plane,  durface  duct  italic  pressures  were 
measured  along  the  duct  wall  and  along  the  centerbody ,  During 
certain  tests,  a  calibrated  pressure  probe  v;as  used  to  obtain 
data  concerning  the  propeller  swirl  angle, 

(d)  Base  Pressures 


The  base  of  the  centerbody  was  instr\imented  to 
sense  azimuthal  and  radial  variation  of  pressures. 

(e)  Ground  Board  Pressures 


Ground  board  static  pressures  were  recorded  at 
various  radial  positions, 

(f)  Pressure  Surveys 

The  flow  pattern  near  the  inlet  and  also  near 
the  exit  nozzle  \;as  studied  by  recording  total  and  static 
pressures  at  various  azimuthal  and  radial  positions, 

A  hot  wire  anemometer  was  also  used  to  obtain 
velocities  at  various  stations  in  the  duct  and  nozzle. 
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Propeller  thrust  was  read  from  a  microamraeter  -  strain-gage 
combination. 

Propeller  torque  was  read  from  the  microammeter  which  was 
connected  through  slip  rings  on  the  propeller  shaft. 

Propeller  rpm  was  read  by  means  of  a  magnetic  pickup  which 
sensed  the  passage  of  gears  on  the  propeller  shaft. 

Double  instrumentation  was  used  to  obtain  reliable  data. 

Propeller  torque  was  also  read  by  using  a  calibrated 
hydraulic  pressure  gage  mounted  on  the  drive  unit  hydraulic 
line.  A  stroboscope  was  used  to  obtain  a  double  check  on  the 
propeller  rpm.  The  accuracy  of  measurement  using  the  double 
instrumentation  is  given  in  Section  5,  along  with  examples  of 
independently  raeasured  test  data. 

The  grouna  board  had  three  strain  gages  to  sense  loads. 
From  these  loads,  moments  and  center  of  pressure  could  be 
calculated, 

3.  SUMMARY  OF  TESTS 

Tables  have  been  prepared  which  present  a  summary  of  tests 
performed  along  with  the  data  recorded,  test  configuration 
and  purpose  of  test.  These  tables  are  available  upon  request. 
The  following  parameters  were  varied  during  the  testing; 
configuration,  disc  loading,  ground  board  height,  and  ground 
board  tilt. 

4.  DISCUSSION  OF  TEST  RESULTS 

In  order  to  evaluate  the  performance  and  control  of 
ground  effect  machines,  certain  parameters  are  needed.  The 
follo\;ing  sections  present  methods  of  calculating  the  important 
parameters . 

The  follo;,'ii;g  data  .'as  reduced  from  Lhc  recorded  data,  pro¬ 
peller  thrust Tp  ,  to' al  lift  L  (total  ground  board  reaction), 

propeller  rpm  t\J  ,  and  propeller  torque  Q  . 

Calculation  of  Internal  Ef f  icienc 

The  internal  eflicioncy  is  an  i.‘aportai’it  ireasure  of  the 
aerodynamic  los;,es  in  the  duct  system.  T’’c  iuternal  efficiency 
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is  definsJ  as  the  ratio  of  the  air  horsepov-ier  at  the  nozsle  exit 
to  the  propeller  shaft  input 

Y)  _  /AH^  ~  Jet  Air  Horsepov;er 

'( i  “  Input  Shaft  Horsepower  (1) 

The  jet  air  horsepower  is  calculated  from  the 
f o 1 low in ^  e qua t ion : 


AHP  =  F;  P,; 
rs'<5 


=  Volume 


(2) 


The  actual  calculation  was  accomplished  by  a  numerical 
integration  of  the  p'roduct  of  the  area,  total  pressure,  and 
velocity  over  the  jet  aiinular  at  the  nozzle.  Total  pressure 
was  obtained  directly  from  the  pressure  data  at  the  nozzle. 
Velocities  were  calculated  from  the  static  and  total  pressures 
using  the  Bernoulli  equation. 


Solving  for  velocity 


(3) 


(4) 


Using  equation  (4)  and  the  differential  equation  form 
of  (2)  the  equation  to  be  solved  by  numerical  integration  is: 

■F. 


(5) 


The  propeller  shaft  input  horsepovzer  is  calculated  from: 


QSl- 

s^o 


hP.-  QM 


,  For  tlie  case  of  the  test  units 

(6) 


it^ 


Voluiee  Flow,  F  ( 


Volume  flo.-.  is  calculated  by  a  riu;. lyrical  intCt,::ation  of 
the  velocity  over  tr.e  annular  uuct  area.  The  velocities  i.re 
Ciilculated  from  equation  (f).  The  density  is  correesed  for 
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air  duct  temperature. 

F-V/^  ^  ^ 

K.H 


(7) 


An  average  jet  velocity  Vr  used  in  the  analysis  will 

inprl  fl  s  ? 


be  defined  as: 


^i="'/Ai 


(8) 


lower  loading  is  obtained  by  dividing  total  lift 

L  ,  by  shaft  horsepower  VP  .  Total  base  area  loading  ^/s 
is  obtained  by  dividitig  total  lift  by  base  plus  nozzle  area,  S  , 
Jet  Moment uvu 

The  moraentuia  of  the  jet  is  calculated  by, 

Ti  =  m  Vj 

where  m  is  tlie  mass  flo-w  at  the  jet 


Vj  - 

'  A  grapliical  iute:^rati 


;ion  of  the 


riiHSo  rlow  an^j  pressures  was  viseu  so  c  a  leu  la  te  jet 
uiomenturu, 

.  R 


r-^ATrJ  (P.-Pjrir 


(9) 


The  augmentSL ion  factor  which  is  showM  in  Figure  36  is 
defined  as  tlie  tot^.l  lift,  uivided  by  the  jet  motiientuia. 

Inlet  ring  thrust,  ,  was  obtained  by  a  nuuierical  integration 

of  the  axial  component  of  the  static  pressure  times  the  wetted 
area  of  the  inlet  ring. 

Average  nozzle  total  pressure,  Pt  j  ,  was  obtained  by  a 
numerical  integration  of  the  nozzle  total  pressure  over  the 
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nozzle  annular  aivided  by  the  nozzle  area 
■li 

f  rN  \  L 


i-nr  fPtj) 


(10) 


This  average  jet  total  pressure  is  the  parameter  used 


in  figure  33. 


An  arithmetic  average  was  used  for  base  pressure  P^,  ,  The 

variation  of  base  pressure  v7ith  angle  of  pitch  and  roll  angle 
for  the  curved  duct  is  shov/n  in  Figure  12. 

5.  ACGUR/;CY  OF  IffiASUREMGOTS 


The  accuracy  of  lueasureiaent  of  parameters  can  be  demonstrated 
by  giving  examples  of  data  in  the  follcv/ing  table. 


Accuracy  of  l-Ieasuremejits 


Parameter 

ileasured 

Means  of 
Measurement 

1^^1^1112 

■ 

■ 

■ 

Fere 
of  T 

ent  D 
\;o  Me 

ifferen 

asureme 

Propeller 

Torque 

MicL-oaiwaetcr 

267 

257 

209 

206 

130 

i.v; 

104 

101 

■ 

1.0 

2 

Iropeller 

RPM 

Volti.ieter 

Stroboscope 

3300 

3900 

UJBBI 

sh 

2300 

3000 

2350 

2500 

5.7 

■ 

L) 

Iropeller  torque  v/as  measured  \vitli  differences  of  less  than  4 
percent  as  s'nown  from  the  tests  of  the  above  table.  Propeller  rpm 
aas  measured  v/ithin  3  percent.  The  above  tests  represented  a 
sample  of  the  217  tests  performed,  but  a  calculation  of  the 
tlifferences  \.'as  not  greater  than  these  reported  above.  Fropoller 
thrust  iieasureiiier.t  was  rend  on  a  millivultiiieter.  with  a  scale  of 
■V)  pound  per  millivolt,  bre  to  unsteady  flov;  conditions,  tiie 
reading  was  accurate  to  +  Imv  or  a  total  of  3  pounds.  This 
■represents  an  accuracy  of  11  j  ereent  for  the  3.6  psf  disc  loading 
and  3  percent  for  the  I't  psf  dioc  loading. 
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The  accuracy  of  the  pressure  data  v/as  dependent  on  the 
degree  of  steadiness  of  the  liquid  in  the  manometer  tubes. 

Flov,'  eon  Jit  ions  within  the  duct  test  unit  v;ere  of  a  nature 

tiiat  gave  readings  of  +  0.05  inch  ,  which  represents  a 

JifLerence  in  pressure  of  +  0.22  psf  for ^p/Ar  =>6  psf.  Flow  conditions 

at  the  diet  ej:it,  hovjever,  ware  more  unsteady  giving  readings 

of  +  0.3  inch  or  +  1.3  psf.  The  noazle  pressure  maximum  and 

minimum  values  v^erc  recorded  in  order  that  a  good  average 

value  could  be  obtained. 

A  sphere  type  yavjhead  probe  was  used  to  obtain  swirl 
angles  behind  the  propeller.  A  calibrated  pressure  rake 
was  also  used  to  obtain  sv;irl  angle  at  3  radial  distances 
in  the  duct.  This  rake  was  calibrated  at  the  wind  tunnel 
facility  of  Princeton  University,  The  calibrations  are  given 
in  Figures  55  and  56.  From  Figure  56,  probe  indicated  dynamic 
pressure  is  essentially  equal  to  the  actual  dynamic  pressure 
for  angles  of  yav?  between  +  30  degrees.  Since  the  sv?irl  angles 
for  tiie  tests  performed  were  not  above  30  degrees,  there  was 
no  need  for  the  recorded  pressures  to  be  corrected  for  swirl 
angle. 

One  mathod  of  determining  the  overall  accuracy  of  measure¬ 
ments  coi'sistd  of  ciumming  the  individual  covaponents  of  the  duct 
thrust  and  comparing  this  smi  with  the  measured  ground  board 
reaction  of  total  lift,  L  .  The  individual  thrusts  consist 
of  base  tlirust  (  reaction,  (A jPj  +  roN/j  ) 

In  addition,  the  individual  thrusts  .iiven  as  base  thrust 

('^t  ^b)  ’  shroud  thrust  ,  and  propeller  thrust  T p 


Figure  57  presents  Lac  sui.imation  of  Liiu  individual  tnrusts 
divided  by  the  total  lift  for  the  straight  duct  and  curved  duct 
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TABLE  1 

PROPELLER  CHARACTERISTICS 


Number  of  Blades, b 

4  Blades 

Outer  Radius,  R 

1.45  ft. 

Hub  Radius,  Rh 

0.67  ft. 

Blade  Chord,  c 

3.0  iuciies 

Blade  Pitch,  9b 

lu.j  degrees 

Blade  Twist, 

0.0  degrees 

Blade  Tip  to  Duct  Clearance,  B 

0.040  inches 

Maximum  Design  Propeller 

Thrust,  Tp 

i03  lb. 

Maximum  Propeller  Disc 

Loading,  Tp/Ap 

20  FSF 

Plan form 

Rectangular 
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TABLE  2 

CO-ORDINATES  OF  THE  QUARTER  ELLIPTIC  INLET  RING 


STATION 

12.00 

17.36 

18.37 
19.33 
20.26 


RADIAL  DISTANCE  FROM  4  OF  ROTATION 
TO  THE  SURFACE  OF  THE  INLET  RING 

17.4 

17.4 

17.7 

17.9 

18.2 


21.20 


18.54 


22.02 

22.76 

23.35 

23.79 

24.00 


19.10 

29.83 

20.59 

21.51 

22.38 
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TABLE  3 


GEM-DUCT -TEST  UNIT  GEOMETRIC 

PARAMETERS 

STRAIGHT  DUCT 

Centerbody  to  Outer  wall 

Radius  Ratio,  Rj|  * 

0.46 

Length  from  Propeller  Plane  to 

Duct  Exit  Plane, 

53.0  inches 

Duct  Cross  Sectional  Flow 

Area ,  Ap 

5.21  square 

feet 

<HfBase  Area,  A^, 

lo39  square 

feet 

Nozzle  Exit  Area,  Aj 

1.39  square 

feet 

Total  Base  plus  Jet  Area,  3 

6.6  square 

feet 

R  "  Propeller  radius,  but  since  tip  clearance  is  0,04 
inches  the  wall  radius  is  approximately  equal  to 

**  Large  Base  area  was  3.69  square 

feet 

CURVED  DUCT 

Centerbody  to  Outer  Wall 

Radius  Ratio  at  Propeller,  Rh 

0.46 

W 

Duct  Curvature,  8 

90  degrees 

Duct  Cross  Sectional  Flow 

Area ,  Ap 

5.21  square 

feet 

Base  Area,  Ab 

10.69  square 

feet 

Total  Base  plus  Jet  Area,  3 

15.9  square 

feet 

Nozzle  Outside  Diameter,  D 

4,5  ft. 
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TABLE  4 


RiVDIUS  OF  SECTIONS  OF  THE  OUTER  WALL  AND 
THE  GENTERBODY  OF  THE  CURVED  DUCT 


All  Sections  Are  Taken  Along  Station  Lines. 
All  Sections  are  Circular. 

The  Centers  of  all  Sections  at  all  Stations 
are  located  on  the  centerline  of  the 
Duct  Centerbody. 


Radius  of  Section  (Inches) 


Station 

Centerbody 

Outer  Wall  of  Duct 

12.0 

8.00 

17.40 

10.0 

8.00 

17.40 

8.0 

8.00 

17.40 

6.0 

8.00 

17.40 

4.0 

8.05 

17. 50 

2.0 

8.20 

17.60 

0 

8.60 

17.65 

10” 

10.75 

19f.O 

20° 

13.60 

20.30 

25° 

14.60 

21.60 

30° 

15.55 

22.30 

40° 

17.60 

23.80 

o 

c 

19.30 

24.90 

55° 

19.9) 

2:  .30 

60° 

2a.;'.0 

25.70 

70° 

21.  ■- 

'  -  .50 

00'' 

2l."> 

.  1 

no 

22.10 

O  ^  f 
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TABLE  5 

CO-ORDINATES  OF  THE  ELLIPTICAL  CENTER  LINE  OF 
THE  CENTERBODY  OF  THE  CURVED  DUCT 

The  Center  of  the  Ellipse  is  at  The 
Intersection  of  Station  Line  0 
and  Station  Line  90° 


Station  Distance  From  The  Center  of 

Line  The  Ellipse  Measured  Along 

Station  Lines,  (Inches) 


0 

38.40 

o 

o 

38.50 

20° 

38.90 

o 

o 

39.56 

40° 

40.48 

50° 

41.40 

60° 

42.28 

70° 

43.80 

80° 

43.88 

90° 

44,10 
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TABLE  6 

SUMMARY  OF  CONFIGURATIONS  AND  TESTS  lERFC 


CONFIGURATION 


SYMBOL  FURl'OSE  OF  TEST  TEST  UNIT 


Short  Duct,  4.5  In.  Inlet 
Ring 

o 

Short  Duct  plus  Long  Inlet 
Duct,  4.5  In.  Inlet  Ring 

D  Q 

Short  Duct,  4.5  In.  Inlet 
Ring 

O 

Short  Duct,  4.5  In.  Inlet 
Ring 

O 

Short  Duct  Plus  Nozzle 
Extension  Duct,  4.5  In. 
Inlet  Ring 

A 

Short  Duct  Plus  Large  Base 
4.5  In,  Inlet  Ring 

0 

Short  Duct,  1.5  In.  Inlet 
Ring 

o 

Short  Duct  Plus  Long  Inlet 
Duct,  4.5  In.  Inlet  Ring 

A 

Short  Duct  Pius  Nozzle 
Extension  Duct,  Quarter 
Elliptic  Inlet  Ring 

S 

Short  Duct,  'i.S  In.  Inlet 
Ring 

Q 

4.5  In.  Inlet  Ring 

► 

Quarter  Elliptic  Inlet 

Rin;; 

★ 

Quarter  Elliptic  Inlet 

★ 

Out  of  Ground  Straight 

Effect  Performance  Duct 

Out  of  Ground 
Effect  Performance 

Effect  of  Disc 
Loading  in  Ground 
E  r  f  e  c  t 

Effect  of  Angle  of 
Actack  on  Perform¬ 
ance 

Effect  of  Angle  of 
Attack  on  Perform¬ 
ance 

Effect  of  ^/D  on 
Performance 

Effect  of  ^/o  on 
Per  f  onnance 

Effect  of  on 
Performance 

Obtain  Pressure 
Jaua 


Obtain  Pressure 

data  1 

Effect  of  on  Curved  Duct 
Performance 

Effect  of  ^/d  on 
Perforti''  ance 

Si  feet  of  Dioc 

Lcauing  on  Per-  ' 

f ormance 
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GO^TFIGU^TIOi>l 

Quarter  Elliptic  Inlet 
Ring 


Quarter  Elliptic  Inlet 
Ring 


SYMBOL  iUTM'OSE  OF  TEST 

^  Effect  of  Angle  of 

•i.cLaclc  on  ierforifl“ 
cin  c 

^  Effect  of  ilcll 

Angle  .'.n  Fertorr,!- 
■ince 


1.5  In.  Inlet  Ring  •  Effect  of  Modificat 

ion  on  Performance 

Quarter  Elliptic  Inlet  Rings  A 
Guide  Vane  Installed  in  Duct 

4.5  In.  Inlet  Ring,  Guide  • 

Vane  Installed  in  Duct 

Quarter  Elliptic  Ring  J 

Streavaiined  Body  Installed 
in  Duct  with  Ground  Board 
Extension  and  Fillett  in 
Duct 

4.5  In,  Inlet  Ring,  Stream-  ♦ 
lined  Body  Installed  in  Duct 


Quarter  Elliptic  Inlet  Ring  i  Effect  of  Control 


o  In,  Control  plug  Installed 
in  Nozrle 

£  lug  on  Perform¬ 
ance 

4.5  In.  Inlet  Ring,  27  In. 
Control  Plug  Installed  in 
Nozzle 

A 

Effect  of  Control 
Plug  on  Perform¬ 
ance 

Quarter  Elliptic  Inlet  Ring 

★ 

Effect  of  on 

Idriormauce 

4.5  In.  Inlet  Ring 

► 

Obtain  Ires sure 

l)c.*  L  ci 

4.5  Ip.  Inlet  cn  Curved  Duct 

A 

Effece  of  llenum 
Chamber  on  Per¬ 
formance 

4.5  In.  Inlet  With  Ground 
Board  jide  Hate 

a 

E.’fect  of  Plenum 
Cl^aiubor  on  Icr- 

LOiTIiKi  ncti 


TEST  UNIT 
Curved  Duct 


1 

Curve J  Duct 
with  rlcnum 
Cl  iamb  or 

Curved  Duct 
with  Slenum 
Chamber 
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GCIATION  USED  li’  TUG  AIVvLYSIS  OF  TIIE  ANIiULAR  JET 


FIGURE  3:  NOTATION  FOR  NOZZLE  GEOMETRY 
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ANNULAR  JET 


FIGUs<Ii 


BASE 


SECTlOi 


VELOCITY  DISTR 
ANNULAF 


4;  DEFINITION  OF  NOT AT 10 


Velocity  Distribution;  =  \/iC/^ax) 


0) 


0) 
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FIGURE  5  :  LIFT  PERFORMANCE  OF  AN  ANNULAR  JET  AS  EFFECTED  BY  NOZZLE  VELOCITY 


FIGURE  b:  PERFORMAN'CE  OF  VARIOUJ  3TRAIGHT  DUCT  TEST  GOIJFIGURATION3  AT  GONSTA»7 
iROl  ELLER  DISC  LOADING 
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PERFORMANCE  OF  STRAIGHT  DUCT  TEST  UNIT  WITH  COMPARATIVE  CALCULATED 
PERFORMANCE 


init:  O :  PERFORM/’v: 
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PERFCHUfiUiRlE  DFlim  BUcf  mE)^  INcjlNEDi  TO  GkoUNpi 


C^A//££  WeCNTB/i  0/:  F/^^SSU^£  -  RADIUS  /dAno 
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FIGUSE  14:  CHAUGE  IN  CENTER  OF  PRESSURE  OF  THE  ANNULAR 
JET  DUE  TO  A  CONTROL  PLUG  IN  Tffi  NOZZLE  FOR 
•  ■  '  THE  CURVED  DUCT. 


/ 


CURVED 


FIGURE  15:  OVERALL  INTERNAL  EFFICIENCY  OF  VARIOUS  STRAIGHT  AND  CURVED 
DUCT  CONFIGURATIONS 
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FIGURE  ?)  TTPICAL  FLOW  MEASUREMENTS  FOR  SHORT  STRAIGHT  DUCT 
AT  TWO  GROUND  BOARD  HEIGHTS  WITH  THE  4.5  INCH 
INLET  RING 
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FIGURE  24:  POLAR  PLOT  OF  TOTAL  AND  STATIC  PRESSURES  AT  THE  ANNULAR 
JET  NOZZLE  OF  THE  CURVED  DUCT  AT  AN  H/q  OF  0.181 
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I^L£T  Kins  angle  ,9^^  DE9K£ES 


FIGURE  27:  STATIC  PRESSURE  ON  INLET  RING  WITH  STRAIGHT  DUCT, 
OUT  OF  GROUND  EFFECT 
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FIGURE  28:  STATIC  PRESSURE  ON  INLET  NOSE  WITH  STRAIGHT  DUCI ,  OUT  OF  GROUND  EFFECT 


FIGURE  31;  INFLUEUGE  OF  NOZZLE  HEIGHT  ON  INTJET  RING  THxlUST  FOR  CURVED 
ANT)  STRAIGHT  DUCT  CONTIGUIIATIONS 
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FIGURE  33  COMPARISON  OF  BASE  PRESSURE  TO  NOZZLE  TOTAL  Fi:::3SU":^  RATIO 
DATA  WITH  TI:30.'"ETICAL  PI.EDICTION 
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PLANE  OF  PROPELLER 


TIGURB  44:  SHORT  DUCT  WITH  LONG  INLET,  4.5  INCH  INLET 
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FIGURE  45:  SHOUT  DUCT  WITH  NOZZLE  EXTENSION  DUCT,  4.5 
INCH  INLET  RING 
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FIGURE  50:  CURVED  DUCT  WITH  4.5  INCH  INLET  RING 
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I  TCLUE  32: 


CURVED  DUCT  aITH  GUIDE  VANE  INSTALLED 


FIGURE  53:  CURVED  DUCT  WITH  PLENUM 
CHAMBER  (INLET  VIEW) 


FIGURE  54;  CURVED  DUCT  '■’ITH  PLENIIM 
CHAMBER  AND  GROUND  BOA'ID 
(RASE  VIEW) 
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FIGURE  53:  PROBE  RAKE  CALIBRATION  WITH  ANGLE  OF  YAW  FOR  6  TUBE  RAKE 
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FIGORS  56i  VARIAtZONl  OF 


mfBi 
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